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EDITOR'S NOTE 

With the exception of certain trigonometric and hyperbolic func- 
tions, Soviet mathematical symbols are  the same as those encountered 
in the American literature. 
exceptions and their American equivalents is given below. 

For the reader's convenience a list of such 

Soviet Usage A - mer ic an equ i v a s  

Arch 
Arcth 
Arsh 
Arth 
arccos 
arcctg 
arcsin 
arctg 
ch 
cosec 
ctg 
cth 
rot 
sch 
sh 
ts 
th 

cosh-I 
coth-I (ctnh-') 
si&-' 
tanh-' 
cos-' (arc cos) 
cot-'(arc cot) 
sin-' (arc sin) 
tan-' (arc tan) 
cosh 

cot (ctn) 
coth (ctnh) 
curl 
sech 
s inh 
tan 
tanh 

csc 

i ii 

f 
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MONOGRAPH 

COSMIC RAYS AND THEIR INTERACTIONS 

V. S. Murzin and L. I. Sarycheva 

Moscow, Atomizdat, 1968 

This monograph systematizes the experimental material on the nuclear in- 
teractions between particles of the cosmic radiation. An analysis is made of the 
characteristics of the elementary nuclear interaction process in the energy inter- 
V a l  from 10 to 10 
Considerable attention is given to an examination of the reliability of experimental 
results. The cross section of the interaction of nuclear-active particles and the 
multiplicity, nature, and energetic and angular characteristics of secondary par- 
ticles are  considered. 

5 GeV and of the methodology of experiments on cosmic rays. 

The data adduced have been obtained either by direct registration of the nu- 
clear interactions of particles or by the study of the secondary phenomenacreated 
by particles of super-high energy in the atmosphere. A comparison is made be- 
tween the characteristics obtained experimentally and theoretical models. 

The book is intended for specialists working in the f ie lds  of high energy 
physics and cosmic rays, as  well as  for students and graduate students of the 
corresponding specialties. 

The monograph has 82 illustrations, 79 tables, and a bibliography of 503 
citations. 





PREFACE 

The physics of cosmic rays includes a very wide range ox aisciplines-- 
from astrophysics to nuclear physics. Because of this it treats of a wider range 
of distance and time than any other science. Here one may encounter units of 

distance from the parsec to the fermi, of time from billions of years to 10 s, 
and of energy'from 0 to lo2' eV. The multifarious phenomena occurring in cos- 
mic rays have more than once led physicists to completely unexpected discover- 
ies. To the physics of cosmic rays we are indebted for the discovery of most of 
the ffelementaryft particles, electromagnetic cascade showers, multiple meson 
production, and much else. 

-24 

The creation of accelerators has permitted the study of these problems in 
However, the attainment of the region of high energies (Eo >, 

Since the majority of processes occurring in nature depend essentially on 

the laboratory. 
> 100 GeV) is still many years in the future of accelerator technology. 

energy, investigations at cosmic energies constitute an inevitable stage in our 
approach to the understanding of natural laws. These investigations permit pen- 
etration of the region of minimal times and distances. Here one can expect the 
appearance of new properties of matter, which may be expressed as changes in 
the characteristics of the elementary interaction process. Hence at this stage of 
investigation the determination of the specific properties of the elementary act 
and their dependence on the energy of the colliding particles is of supreme im- 
portance. 

Investigations in the field of cosmic rays have already provided information 
about many features of the interaction. Much of this was obtained even when en- 
ergies of 1 GeV were considered cosmic. 

The most important of these features are: 1) the large cross section of the 
nuclear interaction, which remains practically unchanged with energy; 2) the small 
magnitude of the coefficient of inelasticity (K - 0 . 3  to 0.5); 3)  the increase of mul- 
tiplicity of secondary particles with energy; 4) the "conservation" of the nucleon 
after interaction; 5) the constancy of the transverse pulse and its independence on 
energy. In addition to these qualitative results, extremely precise quantitative 
data  can be obtained in cosmic rays. The understanding of these facts has led in 
recent times to the broadening of the scope of cosmic ray experiments with the 
introduction of the most modern techniques. Laboratories for the investigation 
of nuclear interactions have been carried beyond the limits of the atmosphere in 
multi-ton satellites (the first of these was "Proton-l", launched in 1965). In the 
investigative program of such laboratories we find: 



1. The study of the dependence of the inelastic cross section of the nuclear 

interaction on energy in the interval from 10 to 10 GeV. For a nucleon-nucleon 
collision the cross section can be measured with a precision of 0.5% at 100 GeV 

and 3.6% at 10 GeV. 

4 

3 

2. The study of the dependence of the cross section of the interaction of 
protons and a-particles on the dimensions of the target nucleus (precision of 
measurement 0.1--3% for collisions of a-particles with carbon nuclei). 

3. Determination of the dependence of the multiplicity of secondary particles 

3 
and their fluctuations on energy (precision of measurement of average multiplicity 

in p-p collisions of the order of 6.5% at 3 x 10 GeV). 

4. Measurement of the coefficient of inelasticity and its distribution in a 
nucleon-nucleus collision. 

5. Search for quarks, 

These items do not exhaust the possibilities of this method [397]. 

Mountain stations a t  elevations of 3--5 km have been highly developed, with 
2 the construction of apparatus with Wilson chambers up to 2 m in size, [51, 5021 

working in a magnetic field, together with ionization calorimeters with a surface 
area of tens of square meters. The utilization of supermagnets with fields of 
hundreds of thousands of gauss appears to be imminent. 

Until recently research on such a scale was carri9d out mainly in the Soviet 
Union. Today the importance of this approach is recognized also in other coun- 
tries. In the United States there is a proposal to construct an apparatus the scale 
of which exceeds anything that now exists. According to the authors, this appar- 
atus will make i t  possible to investigate the effective cross section of the interac- 

3 tion of nucleons and pions with protons in the interval of energies from 100 to 10 
GeV with a precision of 1 to IO%, the elastic scattering in this energy interval, and 
the general properties of nuclear interactions. It is also proposed to study p- and 
f-mesons in new heavy resonances. If particles like quarks a re  found, their prop- 
erties will be studied, 

The projected apparatus includes: 1) A gaseous (xenon) scintillation counter 
for the separation of primary protons and pions, with the use of the logarithmic 
ionization increase. 2)  Magnets and spark chambers for measuring pulses of 
charged primary and secondary particles with a precision of 1--2%. 3) A liydro- 
gen target 10 m in volume (2 x 5 x 1 m) containing 700 kg of hydrogen. 4) An 
ionization calorimeter which will serve for -the isolation of electrons, muons, 
protons, neutrons, and pions and permit the measurement of the energy of pri- 
mary neutrons and secondary photons. The calorimeter contains 24 rows of ion- 

ization chambers (through each 3t-unit) and has an area of about 30 m . The 
height of the apparatus reaches 22 .5  m. It is expected that it will register about 

3 

2 
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5 10 high-energy interactions per year (Eo 100 GeV). This number is compara- 
ble with that obtained in bubble chambers at  an accelerator. Undoubtedly the al- 
ready traditional methods using emulsion chambers and piles will continue to be 
used. 

Thus, in a very few years we may expect a significantly wider range of ex- 
periments and, what is particularly important, an increase in their accuracy. 
Hence this is a good time to sumup what has already been accomplished. 

The reviews of the nuclear interactions of cosmic particles that have come 
off the presses in last decade have been written by theoretical physicists, [19, 
200, 290, 3791. In these reviews it is inevitable that the analysis of experimental 
results from the point of view of agreement with various theoretical models and 
schemes should dominate. 

We have tried to approach the problem of nuclear interaction at  superhigh 
Principal attention in energies from the position of the experimental physicist. 

the analysis has been given to an examination of the degree of validity of the avail- 
able experimental facts. 

The book we have written is the first attempt at a critical analysis of cos- 
mic experiments and, as a first attempt, undoubtedly has its weak points. 

In spite of the fact that we have tried to evaluate the available results ob- 
jectively, in the treatment of a number of problems we have sometimes expressed 
ideas that differ from those generally accepted. However, this pertains first  of 
all to those problems for which any other point of view would have the same de- 
gree of validity. 

The book consits of three parts and 13 chapters. In the first part (Ch. I-- 
III) we discuss some analytical methods and the features of experimental arrange- 
ments used in cosmic ray research. In the second part (Ch. V--XI) we examine 
the information on the basic characteristics of the elementary act of the nuclear 
interaction of cosmic particles. Where possible a comparison is made with the 
results obtained in accelerators. The third part (Ch. XII, XIII) sets forth the 
question of the primary cosmic radiation and its passage through the atmosphere. 
The phenomena accompanying this process are  considered. 

We have tried to adhere to the generally accepted notation for the various 
physical quantities; frequently, therefore, the same symbol stands for different 
characteristics (e. g., y is the exponent of the energy spectrum and the Lorentz 
factor in relativistic transformations; IT is the effective cross section and the 
halfwidth of the angular distribution). The symbols are  explained as  they appear 
in the text. 

The authors sincerely thank G .  T. Zatsepin for reading the manuscript and 
making a number of valuable comments. 
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PART I 

CHAPTER 1 

FEATURES OF COSMIC RAY EXPERIMENTS 

1. The Effect of the Energy Spectrum of the Primary Cosmic 
Radiation - on Measurement Results- 

The main feature of cosmic ray experiments is the sharp drop in the spec- - /7* 
trum of the primary cosmic particles. 

The energy spectrum of cosmic particles can be represented in the form of 
a power law dN/dEo - E:, with the exponent y of the order 2.7 to 3.0 and very 
weakly dependent on energy up to 105--10 GeV. 6 

This characteristic of the primary spectrum, under the condition of inde- 
pendence (or of weak dependence) of the characteristics of the elementary act on 
energy, causes the energy spectra of the secondary components also to have the 
form of power functions, although the magnitude of the exponent y can be differ- 
ent. This feature of the energy spectrum of the cosmic radiation creates a num- 
ber of unique effects in the measurement of the characteristics of the elementary 
interaction process. 

The effect of the sharply dropping spectrum on the measured characteris- 
tics was considered in [l-81. If the average energy of the particles is measured 
correctly, their true energy for a monoenergetic beam can be measured with any 
degree or accuracy. 

For this type of spectrum even the average energy of the particles, as  well 
as the average parameters of the interaction, cannot be determined without the 
introduction of corrections that depend on the degree y and the mean square er- 
ror of the measurement of the energy of the individual particles. 

-.- I 

*Numbers in the margin indicate pagination in the foreign text. 
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Certain special cases of the calculation of these corrections are considered 
in the references cited above. Usually, specific methods of energy measurement, 
for example the Castagnoli method is photoemulsions or  in a Wilson chamber, [3, 
41 as well as the methods used in the investigation of wide atmospheric showers, 
[2 J have been considered. 

Nikishov and Rozental [I] have studied the distribution of possible values of 
energy as a function of the total number of particles formed in the interaction and 
have shown that the mean value of the energy is overestimated several times over 
if the Castagnoli method is used to measure the energy. The problem was analyz- 
ed on the basis of the predictions of the Landau theory on the distribution of the 
multiplicity of the created particles ns and the dependence of the dispersion of the 

angular distribution on energy. 

- /8 

2 

The effect of the spectrum on the determination of the energy was also con- 
sidered by Takibaev, [3] who calculated the mean square e r ror  of the Castagnoli 
method from the formula d = io/$. The mean values of cr and ns were taken 
from experiments. It was found that the average value of the energy was overes- 
timated by a factor of 2, which agrees with the conclusions of similar work by 
Montanet e t  al., l41. 

Approximately the same overestimation of measured energy occurs in de- 
termining it from the number of particles in wide atmospheric showers. 
result was obtained by Zatsepin and Dedenko [2]. 

This 

In a number of other papers the Castagnoli method has been criticized with- 
out the mention of quantitative results [9]. 

In Section 2 i t  will be shown that, as a result of the effect of the specific 
form of the spectrum of the cosmic radiation, there can be a deviation of not 
only the average value of the measured energy, but also of many other character- 
istics of the interaction of particles [5, sa]. In this, the method of choosing the 
events under study plays the principal role (registration threshold; see Section 2). 

2. General Approach _ _  . -  to the Calculation of the Errors  - .- 
of the Method of Energv Measurement 

2.1. Sources of _- -~ Deviations -- in - the - - Measured - ._ Characteristics - - -- - - - 

Deviation of the average characteristics of the elemeniary acts occurs be- 
cause of the simultaneous effect of the energy spectrum, inaccurate determina- 

investigated phenomena [5, 5al e 

tion of the energy in individual cases, and the threshold for the selection of the - /9 

Let us se-y that in each case r; =AE (E is the measured energy, E is the 0 0 
true energy, and A runs from 0 to ..). The distribution of the quantity 00, i. e.,  
the distribution of the probability of this o r  that energy deviation is W(A) d 1nA. 

2 



The threshold effects are determined by the specific conditions of the ex- 
periment. If the selection of events is made according to some parameter that 
depends on energy Eo, i.e., P(EO) > E ~ ,  then P(E/A) > E ~ ,  and for the threshold 

value E the variable A has ,the value A. = c p ( ~ ~ ,  E). 0 

Let the primary energy spectrum have the form [BN(EO)/BEO] dE ). Then 
the number of events with a given measured energy [aN(E)/aE] dE can be deter- 
mined from the following formula: 

0 

-W 

In a similar way, we can treat the deviation of the average values of the 
parameters of the elementary act (see Section 3). 

2.2. Probability -- D: 

The probability distribution W(A) d 1nA is conveniently represented in the 
Gaussian form 

This form is convenient because the function (1.2) is symmetric about A =  1 and 
is normalizeu LO ,unity. 
Gaussian distrjbutions with the appropriate assortment 01' d and, possibly, shifted 
relative to < A >  = 1. 

In the general case W(A) can be represented as a sum of 

The shift of the function W(A) relative to <r\> = 1 implies the existence /10 
of a systematic error  in the energy determination. The function which takes ac- 
count of the systematic e r ror  has the form 

(1.2a) 

The quantity C shows how much the mean energy is under- or  overestimated. 
Thus, the results obtained through the use of (1.2) can be easily generalized 

to other cases. 

3 



2.3. Choice of Functions Accounting for the Threshold - of Event .. . Selection .- - 

We shall consider three special cases. 

1. The selection is based on a parameter that depends on energy. 

Let P = Po E:. Then 

If the threshold value of P is Pmin, thenAo = (P / P  )"'E, and 0 min 

f- InE. I lnAo =-In- 
B Pml" 

2. Special case: selection made according to true energy Eo > E ~ ,  

A similar dependence arises if showers in a photoemulsion are  selected 
according to the energy of the electromagnetic cascades, 

3. Dependence of the selection parameter on energy has the form 
P = P InE 0 0' 

Then 

3. Average Measured Characteristics . .  - of - - the - Elementary ._ - Act .- 

3.1. Power Dependence on - Energy - 

Measurement of the characteristics of an elementary act, the true depend- - /11 
ence of which on energy is described by the power function 

4 



leads to an average measured value <x> in the form [5, 5al: 

4. = ( 1  -- r) d/v'T + In J,,'d I F F ,  

where @(q) is the Gaussian integral 

(1.9) 

(1.10) 

(1.11) 

Proof: 

The latter expression is easily integrated. As a result, we obtain the de- 
s i red  formula (1.8). 

3 .2 .  Measurement of the Number of Particles 

The number of particles in the interval of measured energies E, E + dE is /12 
described by Eq. (1. l), using (1.2a): 

In the limiting case of a very low threshold or  high energies, 

(1.12) 

(1.13) 

5 
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i. e. , the spectrum has the correct slope, but the absolute intensity is over- 

estimated by a factor Cy-lexp[(y-1fd2/2 ]. 

3.3. Measurement of the Coefficient - -  of-Inelasticity 

The averaged measured coefficient of inelasticity < K >  is expressed in the 

- - _  

following form [5, Sa]: 

(1.14) 

-1 where KO is the true inelasticity, q = d  lnAo - (y-2)'d; q2, see Eq. (1.10). 3 

3.4. Measurement ~~ of the Average Multiplicity 

The average multiplicity ns is calculated from (1.8) in the region of energy 

where the dependence of ns on energy is determined by a power function (see 
Chapter V). 

3 . 5 .  Lograithmic Dependence of the Investigated Variable on Energy (Measure- 
ment of the Dispersion of-heAngular - Distributiona and, P o s s i b l y c i t y  

nS) 

Let < (T > = aOlnEO + Q; then in the limiting case of a very low threshold true 
for the selection of events (lnAo - ..) we have 

where atrue and allleas are  the true and measured values of the variable (T. 

3.6. Conclusions 

All this shows thdt, because of the specific €orm of the energy spectrum of 
the cosmic radiation, there arises a number of effects that distort the average 
characteristics of the interaction. The degree of distortion is determined by the 
magnitude of the dispersion of the errors  in the measurement of the energy in in- 

2 dividual cases d , the exponent of the power law of the energy spectrum, and the 
selection threshold. Figures 1--3 show the results of a calculation of the meas- 

6 



ured characteristics with definite assump- 
tions about the character of the true de- 
pendences 

0 KO -- 1, -I = 3 and ti, =; n, E'" 

and for different values of the dispersion 
and the energy threshold for selection. 
The minimum deviations of the average 
measured quantities occur near the thresh- 
old, and the maximum deviations are in 
the region where the threshold is of no 
consequence. In this region the energy 
dependences acquire their true form. The 
energy at which the threshold ceases to 
have effect is many times greater than 
the threshold value. 

Figure 1. Distortions of the 
Energy Spectrum Due to Er- 
rors in the Measurement of 

1 - true spectrum (d = 0); 

4 - d = 1.30; 5 = 1.60. 

Enerm. 

2 - d ~0.75; 3 - d = 1.00; 
Thus, the question of the systematic 

errors  of experimental results is  resolved /14 
if the mean square error of the measurement of energy by the applied method is 
known. 

A 

a, i 

40 
'Ec, GeV 

Figure 2. Deviations. of the Coefficients of In- 
elasticity Due to Errors  in the Measurement of 

Energy. 

1 - d =0.75; 2 - d =1.00; 3 - d ~1.30; 
4- d = 1.60; points experimental [6]. 

7 



2 
4. The Case %exthe Dispersion .____._ d Depends - - on ~ .- Energy 

cnJ > 

10 

5 

In this case the function W(E, Eo) is not.homogeneous. If d depends on en- - /15 
ergy, the energy dependences will deviate not only near the threshold for the 

selection of events, but also in the en- 
tire region of energy where d varies. 

. 

The deviations of the energy spectrum 
for this case were considered by Rozental 
and Shestakov [7]. The function W(E, Eo) 

was chosen in the form of the normal dis- 

tribution (1.2),  but the dispersion d2 = 

___ ... ~ ... 

2 - = CT /n depended on energy. The formof --.-.-i - 

culation with no selection 
threshold, d = 1.6.  where no - 1.5--2.0,  and m is the mass 

S 
. of the particle. 

The calculations showed that under these assumptions the magnitude of the 
exponent was very strongly affected. If the true value of y was 2 .8 ,  then the 
measured value was 3.5. In a practical measurement of spectra the scale of en- 
ergy is broken up into a number of intervals. If the exponent of the spectrum is 
determined a t  two points E and E2, then the experimental value of y is related 1 
to the t rue value by the following relation: 

- - - Ytrue + 1 .  E2 
2 ElE2 

‘exp ‘true (1.19) 

In order that the measured exponent should not differ from the true one, i t  is 
necessary that the condition I E - E2 I << E be fulfilled. However, the interval 

El - E2 cannot be small, since it is necessary to provide sufficient statistical 

accuracy. 

1 1 

The determination of the energy spectrum of muons from the distribution 
of collisions in ionization chambers was also studied in [7]. In this case W(E, Eo) 

is determined by the geometry of the chamber. For a spherical chamber the au- 
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thors indicate the following form for the connection between E and Eo in individ- 
ual cases: 

- /16 

(1.20) 

If the angular distribution of muons is independent of energy, then the ex- 
ponent of the spectrum does not vary. For a spherical chamber this conclusion 
is valid also for a dependence of the angular distribution of muons on energy, 
whereas for flat chambers the exponent increases. 

The inverse problem is also discussed in [7]. One can ask, how do you find 
the true spectrum 8N/8E0, if the function W(E, Eo) and the experimental energy 
spectrum F(E), measured with sufficient accuracy, are known? The solution to 
this problem has the form 

m 

where H.(E ) is a Hermite polynomial. 1 0  

In the special case when the distribution is 

a for E - a < E E E , , + a ;  
0 for E < Eo-  a ;  E > E, 4- a, 

\\" (E ,  E,) =-=- 

we have 

(1.'2 1) 

(1.22) 

(1.23) 

5. Distortion of the Distributions 

Until now, we have been considering the distortion of the average charac- 
teristics of the interaction. Obviously, the distributions of the measured quan- 
tities will also be distorted. Lohrmann [8] has considered this question in the 
case of distortion of the distribution of transverse pulses due to errors  in meas- 
uring the energy of the secondary particles. 

9 



N 
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7 

U 42 44 46 48 lD 1.2 1.4 L6 LB Z.O&GeV/s 

Figure 4. Distortion of the Distri- 
butions of Transverse Pulses in Us- 
ing the Castagnoli Method for Energy 

Determination, 

1 - measured distribution (d = 1.3); 
2 - true distribution. 

The energy of secondary particles in a nuclear interaction in the region of 
high energies is frequently determined from the angular distribution of tertiary 
@mesons in the showers created by the secondaries. As is shown in Chapter 11, 

this method has a marked dispersion d . Using the same approach as in the cal- 
culation of the average characteristics (see Section 3), we find the distribution of 
the measured transverse pulses: 

- /17 

2 

It was assumed that the true distribution of p~ has the form 

(1.24) 

(1.25) 

The results of the calculation of the distribution N'(pL)dp:, together with 
the true distribution, are  shown in Fig. 4. The average measured value <p:> 
is overestimated by a factor of 1.8, and there appear cases of very high values 
of p;, whereas the true distribution is practically broken off at  1.5 GeV/s. 
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CHAPTER 2 

KINEMATIC METHODS FOR THE MEASUREMENT OF PARTICLE ENERGY 

1. Coordinate Systems 

1. I. Definitions 

We shall use Romanletters to label the different coordinate systems: lab- 
oratory system--L; system with a center of inversion--(=; mirror--M; reflex-- 
R; symmetric--S. All variables referred to a given system, with the exception 
of the laboratory system, will be labeled with the corresponding letter; variables 
in the laboratory system will be unlabeled. 

- /18 

The use of a system in which a given event possesses the maximum degree 
of symmetry greatly facilitates the solution of a physical problem. Let us con- 
sider these systems. 

a. -_I System ____ with center of inversion (C-system). In a system with a center 
of inversion the sum of the momenta of colliding particles equals zero: 

PI, + P2, = 0. (2.1) 

In this system the total energy of collision (the sum of the total energies of the 
colliding particles) has a minimum value. 

b. Symmetric system (S-system). In the study of cosmic rays with the 
aid of Wilson chambers or photoemulsions only charged particles are observed. 
Hence for the symmetrization of the phenomenon one has to consider a system 
in which the sum of the momenta of the secondary charged particles is zero: 

Obviously, the sum of the total energies of the secondary charged particles in 
this case is a minimum. The symmetric system coincides with the inversion 

11 



system if the angular and momentum distribution of the neutral and charged par- 
titles are the same. 

- /19 

c. Laboratory system (L-system). In this coordinate system we have the 
instruments with which the elementary act is observed. In the majority of cases 
the target is at rest or.has a small energy in this coordinate system. If there is 
a collision of a primary particle with a free nucleon, the latter can be consider- 
ed to be at rest in the L-system. However, if the nucleon-target is part of a nu- 
cleus, it possesses a definite momentum and energy (the Fermi motion of nucle- 
ons in a nucleus). 

If the Lorentz factor of a primary nucleon in the L-system is yo ,  then in 

a system fixed to the nucleon-target this Lorentz factor is changed by an amount 

--- A h  - pF cose,. 
Yo . mp (2 .3 )  

0 The Fermi momentum P is close to 200 MeV; hence the maximum change in y 

is ‘ p Y o / Y o  1 w 0 .2 .  The Lorentz factor of the primary particle in the L-system 
will be symbolized by y o ,  the velocity by Po. 

F 

d. Mirror system (M-system). The mirror coordinate system is fixed to 
the primary particle. ~ In this system the primary particle is at  rest and the tar- 

0’ get particle falls into it with velocity - P  and Lorentz factor y 0 

e. Reflex system (R-system) [lo]. The relax system moves relative to the 
C-system with the same velocity as the L-system, but in the opposite direction. 
Since the velocity of the L-system in the C-system is -pc, the velocity of the R- 

system in the C-system is P The relative velocity of the R- and L-systems, 

obviously, is equal to PRL = 2PJ1 + e), and the corresponding Lorentz factor 

is y - 1. From the definition of the R-system it follows that its param- 

eters are  identical for particles of any mass, since it depends only on the rate of 
motion relative to the C-system and is not fixed to the moving particle. In the 
case of collision of particles of identical mass the reflex system coincides with 
the mirror system. 

C’ 

= 2 y  RL C 

1 .2 .  The Relation Between the Characteristics of Particles in the Different 
. . . . ~ - - - - .. - .__.. . - . -. . . 

systkms. 

We present some formulas for the transformation of variables most fre- - /20 
quently encountered in practice from one coordinate system to another, 

a. Transformation - of . . . - angles. . - The transformation of the angle of depart- 
ure of the i-th particle in a transition from the C-system to the L-system is 

12 



carried out according to the formula 

Here = p = pc/Pic, O i  is the angle in the L-system, Oic, p are  the angle ic ic 
and velocity in the C-system, and Pc and yc are the velocity and Lorentz factor 
in the C-system relative to the L-system. This formula facilitates the transfor- 
mation into any other coordinate system, if use is made of the appropriate values 
for the Lorentz factor and velocity. For example, transition to the reflex sys- 
tem is accomplished with the very same Lorentz factor as in the L-system, but 
the velocity Pc has the opposite direction. Consequently, 

1 sin e;, tan0. - iR - 
COS ei, - Pic - 

Transition from the L-system to the reflex system: 

Then, using the values 

(2.5) 

(see the definition of the R-system), we find 

For the usually encountered case, when pc - 1, we have 

(2.9) 

- 
2 *2yc - 1 = y if the masses of the colliding particles are equal. 0' 
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is the angle in the mirror coordinate system, then If 5 m  

1 sin 0, tan = - . 
yo cOsO1--- B. ' 

B1 
(2.10) 

(2.11) 

(2.12) 

(2.13) 

"R = Y R ~ S ~  (1 - Pi?RL COS Oi )  sz l U s i  (1 - ?iB, COS Si) ,  (2.15) 

c. Transformation of total energy of collision Eo. We have 

E, = El + Et, (2.16) 

where El and E are the energies of the first and second colliding particles. 2 

In the L-system 

E? = M~c', (2.17) 

then 

E, = E1 + M& (2.18) 

in the C-system 

1 .  

IC 
E,, - E,; 

in the symmetric system 

Eos= 'IscEoc; 

in the reflex system 

EOR = LE", = Eo; . 

(2.19) 

(2.20) 

(2.21) 

14 



,- .., . ... __. 

in the mirror system 

(2 .22 )  

d. Transformation -- of the - sum of the energies of the s e c o n d 2  particles. - /22 

>-' = & Z E i c ;  (2 .23 )  

e. Transformation of the coefficient of - i n e l a m .  The coefficient of in- 
elasticity is invariant undG Lorentz transformations. For example, 

Si mila rl y , 

K = K, = K,  = K R  = KJr- (2 .27)  

It should be noted that in the proof of (2.27) the summation was carried out over 
all secondary particles (charged and neutral). Under these conditions the S- 
and C-system coincide. 

f. Transformation of the total energy of the chaaed particles. According 
to the definition of the S-system, the sum of the momenta of the charged particles 
in it equals zero. If in this system the sum of the momenta of the neutral second- 
ary particles is nonzero, it does not coincide with the C-system. In this case the 
energy of the secondary particles can be expressed in terms of the energy in the 
symmetric system with the aid of the following expressions (the summation is car- 
r ied  out over the charged particles): 

(2 .28)  

(2 .29)  

Z' iR = ~ c ~ s c  (1 - PcPx) Etis. 
"S 

(2 .30)  

The corresponding coefficients of inelasticity are equal (% is the inelas- - /23 
ticity determined with respect to the charged particles, and the summation is 
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over the charged particles): 

(2 .31)  

(2 .32)  

(2 .33)  

(2 .34)  

If P P = 0, the S-system coincides with the C-system, and 

ais = aiC = a& = a % ~  = ct*.tt. 

c s c  

> 0, i. e., the direction of motion of the symmetric system in the If PCPSC 
C-system coincides with the direction of motion of the C-system in the L-system, 
then 

a;t > > a i s  > @iR > 3 i .U-  (2 .35a)  

In the opposite case (PcPsc < 0 ) ,  

%hf >a*R > a j x  > z f s  >a* .  

g. Interrelation of the Lorentz factors of the different systems. 

In the relativistic case t i c  >> 1 and M >> M1, M2), we have 
1YO 

If the masses of the colliding particles a re  the same (M = M2), then 1 

In a highly relativistic case ( yo >> 1) 
- 

yc = ll+, 7 0  = 2;, 2 . 

(2 .3%) 

(2.36)  

(2 .37)  

(2 .38)  

- /24 

(2.39)  
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The Lorentz factor of the R-system in the L-system is 

In the case of collision of particles of identical mass yRL = yo. The Lorentz fac- 
tor of the M-system relative to the L-system is yML = yo. The Lorentz factor 

of the S-system relative to the C-system can be related to the coefficients of in- 
elasticy: 

(2.40) 

for pc w 1. 

mirror  system. 
and used in [12]: 

In the collision of identical particles, the reflex system coincides with the 
Then we arrive at  the formula first  obtained by Zatsepin [ l l ]  

(2 .41)  

The relation of the Lorentz factors of the other systems with each other can be 
obtained with the aid of the formula for combining Lorentz factors. 
Lorentz factor of the first system relative to the second and y 
second system relative to a third, then 

If yI2 is the 
is that of the 23 

(2.42) 

2. Estimate of the Energy of Collision From ___-- the Angular - -  Distribution - . . . . - . . . . - .. 
of- fie -CreaGd-P%rticles [13-161 - - -__ - - ~ -  

2.1 .  The Half-Angle Method 1141 ________ -- - 

The formula for transformation of angles from the C- to the L-system 
(2.4) is often used to determine the Lorentz factor yc that appears in it. There- 

by, a number of methods develop which are based on measurements of the angles 
of departure of secondary charged- particles in the laboratory system of coordi- 
nates. 

- /25 

In case the energies of the created particles and the energy of the primary - - l), we may assume that p 

1 4, tanOi = -- tg-- . 
t c  2 

= 1. Then Eq. (2 .4 )  - pic ic particle are large ( P  
simplifies to C 

(2.43) 
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A second simplification is that in the C-system i t  is assumed that the scat- 
tering of the secondary charged particles is symmetrical. Then the angle Bc = 

= 7r-2 separates one half of the particles from the' other in the C-system. In the 
L-system there will also be a corresponding angle containing half the particles, 

Hence e1/2- 

tanion,, = -iC. (2.44) 

The elegance of this method in the framework of the assumptions made does not 
require comment. One can increase the statistical material for the determina- 
tion of y in an individual case if one introduces, in general, a harder combing 

out of the detailed correspondence of the departure angles of the particles for- 
ward and backward in the C-system, i. e., if one assumes that each particle 
with angle Sic corresponds to a particle with angle T -  Sic. If Of is the angle in 

the L-system and there is a fraction f of the particles inside a cone bounded by 
the angle Of, then 

C 

r', = ctg o/ ctg 0 1-1. (2.45) 

2.2. Basic Assumption of the Method 

The assumption of symmetry is valid only when the charged and neutral 
particles are  separately symmetrical in the C-system. Since only charged par- 
ticles are observed in an experiment, as a rule, this condition cannot be checked 
(see Chapter IX). Therefore Eqs. (2.44) and (2.45) give the possibility of ob- 
taining only the Lorentz factor of the S-system y 

S' 1c c 
is also very infrequently fulfilled. If p < 1, i. e., Pic < pc, two values of e. ic 1c 
correspond to one value of Si. This leads to a mixing of the particles of the 
front and back cones. 

The assumption @. = @ = 1 

2.3. The Castagnoli Method [161 

The method put forward by Castagnoli is based on the same hypotheses as 
the half-angle method, except that all the registered particles are employed in 
the determination of the Lorentz factor; hence there a re  fewer statistical errors  
in this method. 

/26 - 

If we take the logarithm of (2.4), we obtain 

sin 0, 
logtan €Ii = - logy, + log . 

1 + cos 0 ,  (2.46) 

Summing the left and right members of (2.46) over all charged particles 
and assuming symmetry of scattering of charged particles, we find 

n. 

(2.47) 
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In a number of papers attempts have been made to introduce corrections 
that take into account assumptions about the equality of the velocities of second- 
ary particles in the symmetric system, [ 10, 15-17]. To this end, Castagnoli 
et al., [161 Boos and Takibaev, [15] Imaeda et al. , [17] Shen and Kaplon, [ lo ]  
and others have given attention to the energy distribution of secondary particles. 

The calculation of the velocity distribution of pions in the symmetric sys- 
tem leads to the appearance in Eq. (2.47) of an additional term lg C .  

(2.48) 

where 

log (1 - cos? 0,') 

(PCIPJ + cos OiS - 1 * 

u (cos e,, ?.,J = - __- 

In order to present Eq. (2.48) in more symmetric form, we can introduce the 
correcting factor C 

-log c = 2 u (cos 0, Pis). 
n, (2 .49 )  - 

1= I 

/27 
2 If d n/de S dcos 8 S is the angular and energy distribution of the secondary - 

particles in the symmetric system, then 

d2n (COS 9,, z i S )  

dr& cos {J,, 
u (COS o,, Bi,) n cos 0,. 

0 - I  

(2 .50)  

The angular and energy distribution of particles must be taken from experiment 
or  based on the theory of multiple creation of particles. 

2 .4 .  - Statistical Error of the Castagnoli Method 

The statistical e r ror  of the Castagnoli method is a/GS. It follows from 

Eq. (2.47) that in the study of angular distributions it is convenient to use as an 
argument the quantity x. =logtan Oi. Landau [ 181 was the first to call attention to 

this. We shall call the distribution of particles with respect to the x coordinate 
the x representation. It is obvious that the differential angular distribution of 
secondary charged particles in the scale logtanlBi, i. e. , dn/dx= d logtane, has 
center of inversion located a t  the point < x > = -log y 

ation of this inversion center depends onthe number of particles and the dispersion 

1 

The accuracy of determin- 
S' 
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2 
(T of the angular distribution in the x representation: 

(2 .51)  

This is the theoretical accuracy of determination of logy in the case when the de- 

viations of xi from <x. > have a statistical character, whereas the accuracy of 

determination of the angles 8. is rather great. If the departures of the particles 

a re  correlated, the e r ror  in determining y increases. 

S 

1 

1 

S 

An interesting property of the x representation is that the transition from 
one energy y to another y" is related simply to the shift of the entire distribu- 

tion along the x axis by an amount log(yff/y I )  for p = 1). Hence in the scale of x 

it is convenient to compare the angular distributions of the secondary particles 
for different energies. For this, the distributions for different energies a re  con- 
structed in the coordinates 

S S 

s s  is 

X = x - log ;s = log 7,tantI. (2 .52 )  

By these same methods one normalizes the energies of different events for the - /28 
study of their total angular distribution. * 

If the angular distribution in the symmetric system is isotropic, then in 
the scale of x it is rather well described by a Gaussian curve with halfwidth 0.39 
(see Chapter E). For this halfwidth and a multiplicity of secondary particles 
of the order of ten the statistical e r ro r  of the Castagnoli method equals 0/6 = 
= 0 . 1 2 ,  and S 

d=2: In 10 = 0.55. 
?f ., 

2 .5 .  Method of Duller and Walker [131 

(2 .53)  

The integral F representation gives another way for a graphic determina- 
tion of the quantity log,ys. If the angular distribution of secondary charged par- 

ticles is isotropic in the symmetric system and F is the fraction of particles 
included in the angular interval 0--8 in the symmetric system, then 

S 

(2 .54)  

.. .- 

*See also [19] about the properties of the x representation. 
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F 
1-F In the plane log- = f(x) we find a straight line intersection the axis of abscissas 

at log ys. This method gives the same value for ys  as the Castagnoli method. The 
assumption of isotropic scattering of particles is not obligatory. In the case of 
a different form for the angular distribution the integral representation (2.54) 
will not be represented by a straight line or  i ts  slope will be different. A value 
of pis different from unity leads to similar changes. However, the point of in- 
tersection of the curve with the abscissa axis is determined by the symmetry of 
the dispersion of the particles 

3. Calibration -. ._ of the Castagnoli Method 

3.1. Method 

The deviation of the quantity y s  determined by the Castagnoli method from 

the Lorentz factor y of the C-system occurs because of failure of the assump- 
tion that pi = 1 due to statistical fluctuations and the difference between the sym- 
metric and C-systems. 
Castagnoli method, it is necessary to know that the actual value of y 

compare it with that determined from the angular distribution of the charged par- 
ticles. The distribution of the deviations of y s  from yc makes it possible to de- 
termine the mean square e r ror  d and the systematic e r ror  C (see Chapter I). 

C 

Hence, in order to elucidate the real accuracy of the 
and to 

C 

3.2. Utilization of Data Obtained in Accelerators 

Measurements have shown that the mean square e r ror  d greatly exceeds 

_ _ _  .- , -. -~ 

2 2 the theoretical value (2.51). - 1)mc 
for the case of the interaction of 30-GeV protons with a nuclear photoemulsion, 
[20]. To obtain the distribution interactions with Nh 5 5 were selected, which in 
the majority of cases corresponds to nucleon-nucleon collisions. . Very frequently 
the energy is overstated or understated by a factor of ten, particularly for show- 
e r s  with ns ? 3. 

Figure 5 shows the distribution of Es = ( 2 y  

An analogous investigation was made by Lim [21] for primary pions with 
energy 17 GeV and also by Shen and Kaplon [ lo]  for the collision of protons with 
nucleons at 28.5 GeV and of pions with nucleons at  17 GeV. In the latter work 
particles departing at angles of 8 < 1" in the L-system for the case of p = N col- 
lisions and 8 < 1.4" for T-N were excluded. This is necessary in order to ex- 
clude the primary particle which after interaction retains more than 70% of its 
initial energy, since the determination of y is based on the angular distribution 
of newly created particles. S 
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Figure 5. Distribution of E for the Interaction 

of Protons of Energy 30 GeV in a Photoemulsion 
With Nh' 5. 

S 

The results of Shen and Kaplon are  shown in Fig. 6a, b. The distributions 
obtained are  asymmetric, but if the symmetric part is separated out, the approx- 
imate value of d is found to be equal to 1 (instead of the theoretical value d = 2aln10/ 
/G = 0.55 for cases of isotropic angular distribution of particles in the sym- 

metric system). The average value of ys is 6.15, which is 1.6 times greater than 
y (i.e., C = 1.6). 

exceeds the theoretical estimate. 

S 

C 

For the pion-nucleon interaction (n P 4), d = 0.7 and C = 1.6, which also 
S 

3.3. Calibration According to Results Obtained from Cosmic Rays 

At cosmic energies the mean square deviation d is twice as large as  the 
theoretical value 2olnlO/$. A large amount of material has been accumulated 

in cosmic ray investigations for the determination of d and C. Using a total ab- 

0 sorption spectrometer, La1 et  al., [22] studied the distribution of the ratio ES/E 

(Eo is the energy measured by the spectrometer). At an energy of 60 GeV the 

magnitude of d is 1.5. 

Using the results of [12] and [23], achieved with the aid of an ionization 
calorimeter and a Wilson chamber, the distribution of logys/yc in the energy re- 

gion 100--200 GeV was investigated. This distribution is sketched out in Fig. 7. 
It can be approximated by a Gaussian distribution with d - 1.35. Lohrman et  
al., [24] constructed the distribution of Es/EO, determining Eo by the relative 
scattering method (see Chapter IV). At nucleon energies of about 250 GeV, d = 
= 1.35. 
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Finally, in the region of still 
3 higher energies (Eo - 10 

Abraham et al. , 1251 by observing 
the fragmentation of a primary nu- 
cleus with Z = 15, obtained the dis- 
tribution of logy for an almostmono- 

energetic beam of nucleons (see Fig. 
7b). This distribution gives the val- 
ue d - 1.25.  

GeV), 

- /32 
S 

On the basis of these results, 
it is possible to conclude that the 
Castagnoli method has a significant 

dispersion d that depends little on 
energy. The numerical value of d is 
within the limits 1.1 to 1.5, which 
is more than twice as high as the 
statistical error. This discrepancy 
is due to the asymmetry of the dis- 
persion of charged particles in the 
C-system, i.e., in the final analysis, 
to definite correlations in the depart- 
ure of the particles. The Fermi mo- 
menta of nucleons in the nucleus (see 
Section 1) also contribute to an in- 
crease in the deviation. and the scat- 

2 
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ter in the measured values of energy 
reaches 10%. Figure 6.  Distribution of ys (dashed 

line) and y' (solid line) About the True 
Value yc: 3 .4 .  Systematic Errors: On the Av- S 

erage, Energy is Overesti- 
mated a) for p-N Interactions With Energy 

28.5 GeV in a Photoemulsion; b) for 
n-N Interactions at  1 7  GeV. To evaluate the quality of a 

method it is insufficient to know the 
mean square error. It is also nec- 

essary to take into account the possibility of a systematic error  in the measured 
energy. In an experiment this systematic error  can be detected only in case the 
true value of yc is determined by an independent method. * 

An investigation of the question of systematic errors  has been carried out 
by many authors [26]. To determine the correction factor C, the results of the 
determination of y with no account taken of the term log C [see Eq. (2 .49)]  were S 

*To avoid misunderstanding, we note that this systematic error  in energy 
has no relation to the overestimation of average energy due to the sharp drop in 
the spectrum of the generating particles (see Chapter I). 
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Figure 7. Distribution of the Quantitylogy /ye: 

a) for Interactions of Nuclear-Active Particles 
in LiH [12]; b) for the Family No. 1115 [25] 
(Continuous Histogram j. The Hatched Portion 
is supposed to be Due to Nucleons That Have 
Experienced Interactions During Fragmentation, 
Which are  not Taken Into Account in Estimating 
the Energy of the Primary Nucleus. The Smooth 
Curve Corresponds to a Distribution With Half- 

width f 0.16. 

S 

compared with the known en- 
ergy of the primary particles. 
It was found that the energy 
was on the average overesti- 
mated, i.e., C > 1. The ex- 
perimental value of C in var- 

what. In the work of Shen and 
Kaplon mentioned above C - 

. ious experiments differs some- 

1- 1 . 6  (Nh = 0.1) .  

In another accelerator 
experiment, [27] C = 1.13. 
Using cosmic rays, Lohrman 
e t  al., [24] found C = 1 . 6  for 
events with Nh > 5.  

In a number of papers 
the magnitude of C was calcu- 
lated by the Monte Carlomethod 
or from formulas analogous 
to (2.49), and different assump- 
tions were made about the dis- 
tribution of transverse momenta 
and departure angles of the sec- 
ondary particles. 

Settles and Huggett [26] 
calculated C by the method of 
statistical testing at energy of 
the primary particle of Eo - 
- 3000 GeV. Theyconsidered 
an  isotropic angular distribu- 
tion and distribution of dQ/sin Os 

and Gaussian and asymmetric 
distributions of pI. It was found that the magnitude does not depend much on the 
choice of angular distribution, but changes from 1.4  to 1 . 7  in going from a Gaus- 
sian to an asymmetric distribution of pL. .The magnitude of the dispersion of the 
distribution of logys, on the other hand, depends more strongly on the form of the 

angular distribution than on the distribution of pL. Shen and Kaplon [ lo]  in calcu- 
lating C considered two distributions 

(2.55) 

(2.56) 

- /34 

<PL> = -ij- ': a =  0.35 GeV/s. 
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With the distribution of pL in the form (2.55), C turned out tobe 1.07. If instead 
of < p, > one used the distribution (2.56),  then C = 1.18. 

The authors also calculated a correction under the assumption that 25% of 
all secondary particles are K-mesons. If < pI for k-ons is the same as for pions, 
then C -= 1: 20. * Table 1 gives other experimental and calculated data on the mag- 
nitude of C. 

TABLE1. EXPERIMENTALANDCALCULATEDVALUESOFC 

1 . 4  

1.49 

1.55 

1 . 4  

1.4--1.6 

1.4--2.0 

Remarks 

Photoemulsion, 7 < Eo < 100 GeV/nucleon 

Photoemulsion, experiments with pions 
and protons in accelerators 

Photoemulsion, accelerators 

Calculated, Landau spectrum of 
secondary particles 

Calculated, Heisenberg theory 

3 .5 .  - Dependence of C on the Size of the Target Nucleus 

Reference 

28 

29 

30 

31 

32 

16 

In collisions with heavy nuclei, as a result of secondary interactions or  

Thus, 
mass increase of the target, the departure angles of secondary particles in the 
L-system increase and the experimentally found values of C decrease. 
for the case of collisions with heavy nuclei (Nh > 5), Lohrman observed an un- 
derestimation of energy in the L-system by a factor of 1 . 8  ( C  c 0.75),  whereas 
for Nh < 5, C M 1.3 .  Erofeeva et al., [34] found that the factor C was close to 

1 for collisions of nucleons with carbon nuclei and much less than one for colli- 
sions with aluminum nuclei. 

-- /35 

*Imaeda and Shah [33] also considered the effect of distributions of trans- 
verse momenta on the magnitude of C. 
nitude of C varied from 1.09 to 1 . 7 .  This quantity is sensitive to the fraction 
of heavy particles in the secondaries, since they have a higher momentum pI on 
the average (see Chapter VII). 

For different distributions of p the mag- 
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3.6. Distortion of Observed Characteristics - -_ - 

In many cases, the Castagnoli method gives an inadmissably large distor- 
tion of the experimentally observed characteristics. If we substitute into the for- 
mulas of Chapter I the dispersion values 1.2-1.6 characteristic of the Castagnoli 
method and an energy threshold for event selection 

threshold effects are important up to energies a hundred times greater than the 
threshold value. 

> 50 GeV, * we find that /36 

0 1/4 If the true dependence of the multiplicity on energy has the form ns = nsEO , 
then in the experiment, because of the reasons given in Chapter I, there appears 
a region of apparent saturation of multiplicity extending to energies of the order 

4 of 10 GeV. For these same reasons the energy spectrum of nuclear-active par- 
ticles studied by the Castagnoli method in photoemulsions has a power dependence 
less than the true one. Figure 8 serves as an illustration of this, as well as  the 
experimental results taken from [35]. Thus, the Castagnoli method is not suitable 
for the measurement of spectra, coefficients of inelasticity in the laboratory sys- 
tem of coordinates, the multiplicity etc., (see Figs. 1, 4, 8). 

I I I \ _- 0 
0.5 7 70 70' E, Te 

Figure 8. Spectrum of Primary Particles Obtained 
in a Measurement of Energy by the Castagnoli Meth- 
od (crosses); Spectrum of Electron-Photon Cascades 
(points); Expected Spectrum of Primary Particles 

[35] (dashed line). 

- - - .____ -I__ -- -___I 

*This is the typical threshold value for photon cascades inphotoemulsions. 
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4. Further - Development .. of Kinematic Methods -- for Energy Determination 

In recent years, along with criticism of the Castagnoli method, there have 
been attempts to avoid some of the assumptions of the method. However, almost 
all of these amount to the establishment of average corrections that do not elimi- 

2 nate all the errors. The basic problem is the large dispersion d . 
A successful attempt to overcome these difficulties, which leads to a sharp 

2 reduction of the dispersion d , was undertaken by Shen and Kaplon [lo]. 

a. Assumptions. The authors started from the fact that the principal er- 
rors of the Castagnoli method spring from two assumptions: p = 1 and the sym- 
metry of particle scattering in the C-system. 

Shen and Kaplon decided to replace these assumptions with others that were 
more general experimentally. They started from the facts that usually one meas- 
ures only charged particles in the L-system, the transverse momentum does not 
depend on departure angle and on particle energy, and the mean energy of pions 
in the C-system is 0.5 GeV, i. e., the condition P,/pic = pic w 1 is approximately 
fulfilled. 

b. Mathematical formulation of the method. The treatment is carried out /37 
in several coordinate systems: L, S, C and R (see Section 1). 
of nucleons in the nucleus is not taken into account. In the method of Shen and 
Kaplon the starting relation for the determination of yc is not the formula for 

the transformation of angles, as in the Castagnoli method, but the formula for 
the transformation of energies (see Section 1). 

The Fermi motion 

Comparing the symmetric and laboratory systems [Eq. (2.28)1, we find 

(2.57) 

(for notation, see Section 1). 

Using the constancy of transverse momentum, i t  is possible to express 
in terms of < pI > and the departure angles of the particles 8. and 8. 

1 1s’ 
and 
Then, to the accuracy of terms 

we obtain 

(2.58) 
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where 

(2.59) 

(2.60) 

(2.61) 

Thus, to determine yc it is necessary to know the angular distribution in the lab- 

oratory and symmetric coordinate systems and the magnitude of p (or y sc  sc  ). 

c. Calculation of the deviation of < pis > from 1. We shall approximate 
the angular distribution in the symmetric system by 

f (0,) dos = A, sin" 0, s i n  O,t10, (2.62) 

f (0,) do, = A, cosm 0, si n 0, do,. 

It is obvious that 

form of the angular distribution. To determine n and m one can use the experi- 

mentally observed magnitude of (T , the dispersion of the angular distribution. 

In the special case pis = 1, the dispersion (T is a Lorentzian invariant. However, 

in the general case it depends on p 
S' 

tween n, m, (T and p 

row distribution, we may say 

and Llcsc8. in Eq. (2.59) depend on n or m for the chosen - /38 1s 

2 

2 

Hence one can establish the connection be- 

Assuming that the velocities pis have a sufficiently nar- 
S' 

pis = < p i s >  = /J-' = <p>. 
\ Pis / 

If the function of the angular distribution g(x) = g(logtan8) corresponds to the 
functions f(  Os) [the connection is established in Eq. (2.4)], then 

a2 = j (x  - <x>)'g ( x )  dx. 

The results of the calculation of (T as a function of < p > for different n and m 
are shown'in Fig. 9, [lo]. 
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From (2 .4)  we can determine 

Consequently, 

(2.63) 

(2 .64)  

By calculating c from the experimental data, it is possible to find the values of 
n or m (see Fig. 9) preliminarily for < p > = 1. 
puting e and the first approximation of < p >1 from Eq. (2.64). 

This gives the possibility of com- 

Repeating the procedure with the value found for < p > leads to new values 

of n (or m). Thus, by iteration, we can find sufficiently accurate values of n or 
m. We then have the possibility of determining 
the deviation of < p >from 1. If the asymmetry of the showers is not taken into 
account, i. e., assuming that the symmetric system coincides with the C-system, 
then psc = 0 and y, = y i .  Therefore, the quantity y i  may be considered as the 
next approximation to the true value y in comparison with the Castagnolimethod. 

1 

and y i  with account taken of 

/39 C 

The advantages of the second approximation are  illustrated in Fig. 6, where 
the distributions of ys and y i  about the true value yc are  compared for the case 
of the interaction of protons with nucleons at 28.5 GeV. 
was found to be much narrower than the distribution of y 

The distribution of y i  

S' 

d. Calculation of the motion of the symmetric system. There still remains 
an error  connected with the assumption of symmetry of the showers with respect 
to charged particles in the C-system. In general, asymmetry in the C-system 
arises if the symmetric system oves relative to the C-system with velocity p sc  # 
f 0. According to Shen and Kaplon, this velocity can be found in the following 
way. 

Consider the coefficients of inelasticity CY determined from the charged par- 
ticles in the L- and R-systems (see Section 1). 

/40 

According to Eq. (2.40), 

29 



I I .~ I 
Q 30 0.95 7 Z05 ‘P’ 

Figure 9. Relation Between the Angular Distribu- 
tion Parameter u, the Anistropy Index of the An- 
gular Distribution (m or  n), and the Average Ve- 

locity of Secondary Particles in the Symmet- 
ric System < p >. 

The quantities Q! and % are  expressed in terms of parameters measured in the 
L-system 

a == <p,> (1 + C) 1 csc Oi. 

Since the Lorentz factor of the R-system relative to the L-system is yRL =2yc- 1 
(see Section 1) and the velocity PRL w 1, then 

(2 .65)  

2 

e. 
a R = ( 2 1 9 - 1 ) < p L > ( 1  + E ) Z k n + ;  (2 .66)  

(2 .67)  
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1 + c C C S C ~ ~  
u =  (-) .. 

I + E Z tan'qp 

---- 
0.9396 
0.9462 
0.9513 
0.9556 
0.9592 
0.9623 

Hence i t  is easy to show that 

I4 
16 
18 
20 
22 
IC4 

2,:- 1 --a 

2 1 5 - 1  f a  
PA,= Psc = k 

(2.68) 

(2.68a) 

(2.69) 

[see Eq. (2.40)]. We have PcPSc > 0 for a! > % (forward asymmetry) and P P 
< 0 for a! < a! 

< 
c sc 

(backward asymmetry). R 

e. Determination . of yc for < p > # and PSc - # 0. The formulas given below 
are suitable for practical application. Finding y reduces to the following. 

C 

1. Determine the angular distribution of the secondary particles in the lab- - /41 
oratory system from experiment. 

2. Calculate y' and p > by the method set  forth in c and d above. Table 
S 

2 gives the quantity (cosec b I-', necessary for calculating y+ S and p, as  a function 
of m and n. S 

3. Calculate a from (2.68a). 

4. Calculate 4% from (2.68) and determine the sign of /3 from (2.69). s c  
In this, yc is considered equal to yf  

S' 

TABLE 2. DETERMINATION OF l/<cosec os> 
[lo] FROM VALUES OF n OR m. 

i -- 

a i  

0 
1 
2 
3 
4 
5 
6 

I 
<CSC os> 

0.6366 
0 . 7 8 3  
0.8488 
0.8836 
0.9054 
0.9204 
0.9313 

m . 1- 
0 
2 
4 
6 
8 

10 
12 

. 

I 
<csc e,> 

~ .. __ 

0.6366 
0.4244 
0.2335 
0.2410 
0.2537 
0.2352 
0.2171 

7 
8 
9 

10 
11 
12 

I 
<c5c 8 2  

0.2023 
0.1970 
0.1807 
0.1721 
0.1646 

. 0.1580 

Commas represent decimal points. 
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5. Find the quantity 

6.  

Z tan 6,/2 

Z csc tJi 
2 = < p > -  1=;+-r- . ' (:+)2 - 

~f p > 0, then for 6 < 0, yc = y'-; 
sc  

If psc < 0, then for 

Tc" . 

\ 

I -. 
; 0.04 Q z < 0.0s. 6s 

I 1 + 8&- 

(2.70) 

(2 .71)  

(2.72) 

The authors remark that successive approximations for the determination 
we can be limited of psc might not converge,* but owing to the small size of /3 

to the first  approximation, by substituting y = y l  into Eq. (2.69). 
sc  

C 

The results of the application of this method for the determination of y in 

an accelerator are shown in Fig. 6 ,  from which it follows that the method of Shen 
and Kaplon is effective, at least, for energies - 30 GeV. This method does not 
eliminate the totality of sources that lead to the smearing of the distribution of 

C 

. - - - -_ . __ 

*The absence of convergence in successive approximations in finding p sc  
engenders the thought that this procedure is not always reliable. The principal 
virtue of the method is the calculation of the deviation of < p > from 1 in each 
interaction. 

- 
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the measured value of yc about the true one. In particular, Fermi motion of nu- 

cleons in the nucleus leads to broadening of the curve. 

As seen from Fig. 6,  the e r ror  in determining' y allowing for < p > # 1 
C 

and for motion of the symmetric system relative to the C-system, equals - 20%. 
A comparison of the accuracy of the various methods of determining energy will 
be made in the next chapter. 

5. Measurement of . the -.__ Primary .____ Energy -_ - From the Total . -  Energy of the 
Charged _ _  - and Neutral _- ~ Particles 

This method is based on the following assumptions. 

1. The transverse momenta of the secondary particles are independent of 
their departure angles and the energy of the primary particles (< p~ > = 0.35 
GeV). 

2. The inelasticity is independent of energy: 

a. Determination of E from the energy ___. of the _-I_ secondary charged particles. /43 0 
In this case it is assumed that 

____ ~ 

Then 

(2 .74)  

0 where the coefficient 1.64 takes into account the contribution of T mesons and 
neutral K mesons. 
fillment of relation (2. 73) in the individual cases and on the fluctuations of the 
inelasticity a*. The distribution of e r rors  was studied in [ lo ] ,  and i t  was found 

that for a* = 0.35  there was an overestimation of the mean value of the energy 

in the C-system by a factor of 1.8. 

The dispersion of e r rors  of this method depends on the ful- 

The halfwidth of the distribution was 30% greater than in the Castagnoli 
method. 

b. Determination - of-the total energy of charged and neutral 
particles. In rare cases it is-possible to measure simultaneoumhe-energy 
conveyed to charged and neutral particles. This makes it possible to avoid the 
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assumption (2.73) and to use the following expression for the determination of 
energy: 

(2.74a) 

This method is somewhat better than the former, since its dispersion is deter- 
mined only by fluctuations of the total coefficient of inelasticity K. 

6. Measurement of the Enerp-y of Primary Nuclear Fragments - 

6.1. Disintegration of a Primary Nucleus - .  . 

It is possible to eliminate the errors  associated with the sharp drop in the 
spectrum of cosmic radiation if one studies the interactions of nucleons, a-par- 
ticles, and heavier fragments that arise in the disintegration of primary nuclei 
at the moment of interaction. 

Kaplon et al. , E361 noted that the process of disintegration of primary nu- 
clei (fragmentation) can be treated as  a process of evaporation in the mirror sys- 
tem. Then in the L-system all fragments will have almost identical energies per 
nucleon. 

- /44 

The character of nuclear disintegration depends on nuclear size. A nucleus 
of average atomic weight (Cy N, 0, F) frequently breaks up into its constituent 
nucleons (in 30--40% of the cases). The number of cases in which three or  more 
fragments with Z 2 2 arise does not exceed 5--8%. In the interaction of heavy 
nuclei ( Z  I lo), 25% of the cases give rise to more than three fragments. Total 
disintegration of the nucleus is observed in less than 20% of the cases [37]. In 
large photoemulsion piles one sometimes observes a whole cascade of successive 
interactions of the nucleus and the products of its fragmentation. An example of 
such an event is the cascade registered in an 80-liter pile flown at an altitude of 
40 km for 38 h [38]. In this case (Fig. 10) there is a stepwise splintering off of 
fragments--nucleons and a-particles--with an energy of about 1300 GeV/nucleon 
from nucleus of Z fil 15. 

/45 - 

6.2. Methods of Determining the Energy of Fragments 

The equality of fragment energy makes it possible to use several methods 
to determine it. 

a. Method of relative scattering. The method of measuring multiple scat- 
tering at high energies is applied only in cases of very long tracks. However, 
even here false scattering and different kinds of noise set limits to the use of 
this method. The limit can be moved out to the region of higher energies if one 
measures the relative scattering of particles moving in almost parallel paths and 
at  a very small distance (tens of microns) from each other. In this case, the ef- 
fect of the various interferences (false scattering, distortion, etc. ) is reduced. 
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Pile dimension, pm 

Figure 10. Successive Disruption of a Primary 
Nucleus with Z M 15 and Energy About 1300 GeV/ 
/nucleon. The Events are Labeled Serially by 
Number and are Listed a t  the Right. The Dotted 
Line Corresponds to a Spreading Angle of 
rad. The Curve on the Left Represents the Elec- 
tromagnetic Cascade Developing in the Emulsion 

(Ne is the Number of Electrons in an Area of 
2 600 x 600 pm ). 

Since in the disintegration of primary nuclei of high energy the emission an- 
gles of the fragments are very small, the method of relative scattering can give 
good results. This method was used by Lohrman et al., 1371. Energies in hun- 
dreds of GeV/nucleon were measured. The accuracy of the method depends on 
the length of the measured tracks and the spacing between them. The average 
accuracy of determining energy amounts to 30%, which corresponds to a mean 
square e r ror  d x 0.25 (see Chapter I). 

b. Determination of energy from the emission angle of a-particles [361. 
Let Po be the velocity of the primary particle, p, the velocity of a fragment 
particle emitted at angle 8 in the L-system. With the subscript M signifying 
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a variable in the mirror system (M-system) associated with the primay nucleus, 
we have 

/46 

I sin 9, 
tan0 .-. 

lo COS9h,+ Po (2.75) 

Since in the rest  system of the primary nucleus the products of its fragmentation 
are dispersed isotropically, the fraction of particles emitted into a solid angle 

d 8  is -dcosO 
2 and the average value < tan ,g > is determined by 

M: 

(2.76) 

If among the fragments we consider only a-particles with an average energy i n  
the M-system of 

then 

< tanz8,> = - - 
. -  3 ' 

(2.78) 

where E is the energy of the primary particle in the L-system. 0 

At high energies we have < tan2 OQ> < 9: >. The average energy of the 
evaporated a-particles in the M-system approaches 10 MeV; hence 

(2.79) 

Practically no a-particles with energy > 30 MeV are  encountered among the frag- 
mentation products. Hence the maximum emission angle of a-fragments [see Eq. 
(2.78)l is 

(2.80) 

It is easy to find that the fraction of a-particles concentrated within the limits of 
the angle <e2 >l'' is close to 0.42. 
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Equations (2.79) and (2.78) can be used to determine Eo. If the relation - /47 
(2.78) is represented in the form 

(2.81) 

the quantity B can be determined experimentally by a comparison of the energy 

>1/2. Such a comparison measured from the scattering and from the angle €8 
[28] has corroborated Eq. (2.79). The quantity B turned out to be 0.060 f 0.006 
for primary nuclei of medium atomic weight and 0 .055  f 0.006 for heavy ones. 

a 

Since the energies of the a-particles in the rest  system of the primary nu- 
cleus are distributed across the spectrum, the values of Eo determined from Eq. 

(2.79) have a scatter around the true value. 
Figure 11 shows the distribution of energies 
calculated from (2.79) about the values of 
energy determined by the multiple scatter- 
ing method for the same particles. The 
mean square e r ror  of this method is d = 
= 0.27. 

c. Estimate - of energy from the emis- 
_- sion - -___ angle - of protons. Substituting the mag- 
nitude of the energy of evaporated protons 
[(Ep)M = 12 MeV] into (2 .76) ,  we find 

0 

- - -  

(2 .82)  
0.12 

"J 
0.1 D.5 7 f 70 50€3 

<O;>", -. 
Figure 11. Distribution of Eo 
Energies Eo Calculated From 

Eq. (2.79) About the TrTruerf 
Values Eo (Measured by the 

Multiple Scattering Method. 

On the average, in a collison of the primary nucleus with a nucleus in the emul- 
sion, about half if its nucleons participate in the interaction (see Chapter V). 
Therefore the distribution of the measured values of the energy about the true val- 
ue E is several times wider than in the case of a-particles. 

d. Determination of the energy of the -_ fragmentshy - - - the - _- Castagngli --_ _ _  method. 
Since the secondary fragments of one nucleus have the same energy par nucleon, 
the distortion of the characteristics of their interaction associated with the form 
of the spectrum of the cosmic radiation (see Chapter I) does not appear. Among 
the protons that are products of nuclear disintegration, about half also have al- 
most identical energies. Hence, in determining the energy of the fragments and 
the individual nucleons it is possible to use the kinematic methods considered in 
Sections 2--4. 

However, in contrast to the a-particles, 
besides the evaporated protons from the 
disruption of nuclei there also arise recoil 
protons having energies in the hundreds of 
megaelectron volts (in the mirror system). 

0 

___I __- - - - 
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The accuracy of the Castagnoli method increases in this case by a factor 
nl” (n is the number of fragments). If we select out cases of the interaction of 
the nucleus with an individual nucleon in the emulsion, then among the disinte- 
gration products there will be a small number of recoil nucleons (one or two), 
and hence almost all the nucleons will have the same energy in the laboratory 
system. The collision of a primary nucleus with an individual nucleon can be 
distinguished by the low multiplicity of pion production (see Chapter V). 

0,m 
0.77 
0.65 
O , Y 4  
0,62 
0,57 
0,87 
0.92 
0.73 
0.64 
1.21 
0.71 
_i_ 

If the distribution af newly created particles in the C-system is sufficiently 
broad (close to isotropic), the newly created particles are well separated from 
the protons (if the latter have an energy less than 30 MeV in the mirror  system). 

1115-14  
1115-27 
I 1  15-19 
1115-10 
1115- 9 
1115- 8 
3135-21 
I1 15-23 
1115-22 
1115-28 
1115-12 
1115-.4 

The use of the Castagnoli method gives the possibility of determining the 
energy not only of charged, but also of neutral nuclear fragments. 

(5S17)p 

(O+I 5) n 

{85$!&n 
( 8 i - 1 2 ) ~  

(14$15)p 
(3+6) p 
( 2 + 7 ) p  

(1-33) R 
( 3 j 6 )  R 
(74.8) R 

(34-24) p 

6.3. Some Examples of the Determination -~ of . the - - Energy . .. - - of the I Fragments _ _  - _ _ _ - -  

Lohram e t  al., [37] studied the interactions of nucleons and a-particles 
Energies in the hundreds of GeV that were products of the disruption of nuclei. 

were measured by the method of relative scattering. 

Table 3 gives the results of the determination of energy by the Castagnoli 
method for the rich family of fragments No. 1115, which is sketched out in Fig. 

10, [38, 391. In order to improve the 
conditions of applicability of the Casta- 

TABLE 3. ENERGY DETERMINA- gnoli method, only interactions of frag- 
ments with 5 < n < 25 were used. TIONOF A FAMILY OF FRAGMENTS 

BY THE CASTAGNOLI METHOD 
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S 

I * I  I 
I .4150,15 
1 , 3 3 2  0,16 

: 1,30k0,17 

I ,31 fO, 17 

1.55k0.33 
1.35 *O, 30 
1.28k0.13 

0.652 0.25 

The primary nucleus and its mul- 
ti-charged fragments experience seven 
interactions in the pile. In each of the 
interactions nucleons split off from the 
nucleus. In all, 17  protons arose this 
way. 
with an angle less than lom3 rad and form 
the clear stem of the shower. Within 
this cone there are nine interactions 
evoked by protons and ten by neutrons. 
Since up to one half of the nucleons of 
the primary nucleus participate in the 
collision, i t  is necessary for an esti- 

These protons move inside a cone 

Commas represent decimal mate of the energy of the primary par- 
ticle to use only half of the most ener- 
getic particles (see Fig. 7). Then it 

points. 

turns out that the energy of the primary nucleus is Eo = 1300 GeV/nucleon. 

angle of nucleons with the given energy E 

a certain fraction of the nucleons is actually emitted a t  zero angle; however, 

To check this value we can use (2.82) and determine the expected emission 
In the experiment it is found that 0’ 
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many move off at quite large angles. Evidently, these latter have taken part in 
collisions. Thus, the principal information about the energy in this case is ob- 
tained by the Castagnoli method. 

It should be noted that the particles flying in the stem of the shower pro- 
duced as a result of the disruption of the nucleus are  assumed to be nucleons 
from a priori considerations. If at high energies the hydrodynamic mechanism 
of formation of new particles is active (Landau theory), then there may be pions 
among the fastest particles in the stem of the shower. 
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CHAPTER 3 

THE IONIZATION CALORIMETER METHOD 

1. Idea of the Method 
~ -_ 

The ionization caloGimeter method, with various modifications, has been - /50 
widely applied in recent years. 

In a sufficiently large block of dense material a particle of high energy, as 
the result of successive interactions, is able to transfer all of its energy to the 
secondary particles. In a dense material only a negligible part of this energy is 
carried off by muons and neutrinos. By means of the whole chain of processes 
the principal fraction is transferred to secondary electrons, protons, nuclear 
fragments, and other ionizing particles. These particles a re  rather quickly ab- 
sorbed, and in the end their energy is expended in heating up the material. Con- 
sequently, in a thick layer of material all the energy of the primary particle turns 
into heat. Here there exists an analogy with the calorimetric method of measur- 
ing energy o r  work. However, the direct measurement of the quantity of evolved 
heat in a large block of material is impossible. The following circumstance re- 
lieves the situation. 

Before turning into heat, the energy of the particle is expended mainly in 
the ionization of atoms, and in the formation of one pair of ions the same specif- 
ic amount of energy W is always used up, regardless of the nature and energy of 
the particle causing the ionization. Hence, by measuring the number of pairs of 
ions formed in the block of material, i t  is possible to determine the energy E 0: 

W 

Eo = rtVo = J I (x) d.Y. 
0 

(3 .1)  

Here I(x)dx is the ionization at depth x in layer dx. The ionization can be 
measured by known methods (ionization chambers, proportional counters, scin- 
tillators ) . 

/51 - 
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The union of the calorimetric principle with ionization methods of measur- 
ing energy is reflected in the name of the method--the ionization calorimeter. 
This method was proposed by Grigorov and first used by him [40]. 

The calorimetric principle nevertheless remains the basic one in the meth- 
od, i. e. , the total absorption of the primary particle and its products in a block 
of material. Thus we have the builder of one of the instruments based on this 
principle calling it a total absorption spectrometer [411. 

2. Fundamental _____- Processes in the Absorber of an Ionization - Calorimeter 

2.1.  _-- Introduction 

At the present time it is well known that in a collision of a nuclear-active 
particle of high energy with a nucleus a certain fraction of the energy of the C Y -  

-particle is transferred to secondary 7r mesons. These 7r mesons decay and 
give the initial electromagnetic cascade. The remaining energy is transferred 
to charged 7r mesons, K mesons, nucleons, and nuclear fragments. As a result, 
in a single act a small amount of energy is transferred to strongly ionizing par- 
ticles, and this amount does not depend on the energy of the generating particle 
[42]. In light materials It is Ed = 400 MeV, and in heavy materials it can reach 
Ed -. 1 GeV. 

mary particle after its first collision is divided among 7r mesons and nuclear- 
active particles. In heavy materials the quantity ZE O/Eo = a0 can approximate 

1/3, and consequently in a small number of successive acts the energy of the 
particle is transferred to the electron-photon component. This process contin- 
ues until the energy of the most energetic of the secondary particles drops to 1 
GeV. All the remaining energy is borne away by strongly ionizing particles. It 
is impossible to know a priori at just what depth this will occur, since this de- 
pends on unknown detafis o f h e  process of nuclear collision and is subject to 
fluctuations. Thus, the nuclear cascade curve will be represented as a superpo- 
sition of a number of successive electromagnetic cascades and splashes of ioni- 
zation from strongly ionizing particles, and the principal part of the ionization 
will be created by electrons. In individual cases, strong fluctuations in the form 
of the nuclear cascade can be observed if among the secondaries there is a small 
number of particles of high energy. But if the energy is more .or less distributed 
uniformly among a large number of secondary particles, smooth cascade curves 
will be observed, inasmuch as the large number of secondary cascades must av- 
erage out. Such a smooth curve is obtained if we sum over many individual cas- 
cades, even if they strongly fluctuate in form. 

0 0 

Thus, in the region of interest almost all the energy of the pri- 
0 

7r 

2 .2 .  Calculation ~ of an Average Cascade 

The average cascade may be easily calculated, if we start from the simple 
phenomenological picture of a nuclear collision described earlier and do not con- 
sider the transfer of energy to strongly ionizing particles [431. 
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If the number of photons with energies from E to E f de, arising from the 

decay of x mesons in a layer dx, equals n (E, x)dedx, then the number of elec- 
trons at depth x is determined by Y 

0 

0 

where A is the interaction path. 

Here { 9 ( ~ ,  xo - x)} is the cascade curve for the primaty photon with en- 

ergy E .  The function {?(E, xo - x ) } / E  depends very weakly (logarithmically) on 

energy. Hence we may write 

(3 .3)  

The quantity described by the integral is obviously the total energy of all photons 
originating in layer dx: 

It can be calculated from the formula 

(3 .5)  

where S (x) and S (x) are  the fluxes of nucleon and pion energy, and a and p are  

the fractions of energy transferred to the R mesons by nucleons and pions, re- 
spectively; A and A are the interaction paths of nucleons and pions. The total 

number of electrons observed at depth xo is 

0 
n lr 

n T 

The fluxes of nucleon and pion energy (if i t  is assumed that the fraction a= 
0 = (1/3)K of the energy of all pions is transferred to ?r mesons) are  determined 
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from the equations (K is the total coefficient of inelasticity) 

2 
3 s,, (.3 = 0) = (1 - K )  E,; sx:: (x = 0) = -YE,; 

I 
. 3  

s,. (x = 0) = - KE,. 

consequently , 

(3.7) 

Figure 12 shows the variation of the energy flux of the nuclear-active component 
with depth, calculated from Eq. (3.8) for various values of K ( P  was taken equal 

to 1/3, and h,=hn). Substituting 

these expressions into Eq. (3.6), we 
find ne(xo) by numerical integration 

for different K (Fig. 13). 

The form of the electron-nu- 
clear cascade (3.6) depends on the 
relation between the length of the in- 
teraction path and the t-unit. The 
greater the ratio h/t, the stronger 
the form of the nuclear cascades 
fluctuates. 

2.3. 

- /55 

6 ' 2 4 6 8 7 0 1 2 X  
Effect of S t r o a  Ionizing Par- a -- 
titles Figure 12. Variation of the Energy Flux 

of t h e  Nuclear Component With--Depth 
IEq* (30 8)]* The Numbers On the Curves 
Correspond to Different Coefficients of the nuclear cascade. the pre- 

Strongly ionizing particles 
have a large effect on the form of 

ceding considerations do not take Inelasticty K. 

this into account. However, the 
simplest estimates show that the role of strongly ionizing particles should be 
important. This leads to the energy flux of the nuclear-active component being 
absorbed more rapidly than given by Eq. (3.8) and Fig. 12 [44]. 
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0 725 1 x, g/cm2 

Figure 13. Variation of Number of Electrons 
N With Depth in an Electron-Nuclear Cascade, 

Developing in Lead: 
1) for Electrons Arising in the First Interac- 
tion; 2)  for Electrons From Subsequent Inter- 

actions; 3)  Total. 

e 

Of interest is the data 
on the fraction of energy 
transferred to strongly ioniz- 
ing particles in the entire 
cascade. This estimate was 
first made for ironby Raman 
Murthy et a1.,[41] with a tot- 
al absorption spectrometer 
and a gas Cerenkov counter 
at  an energy of about 40 GeV. 
It turned out that the energy 
measured by their apparatus 
was only half of the expected 
amount. Since the organic 
scintillators used in this work 
were not very effective in reg- 
istering strongly ionizing par- 
ticles (see Section 3.5) ,  the 
difference is evidently due to 
an error  in counting these par- 
ticles. Thus, at 40 GeV ap- 
proximately 55% of the energy 
is transferred to strongly ion- 
izing particles. 

At higher energy this fraction can be obtained from experiment, if one ad- 
duces the results of ionization calorimeter measurements. For this we return 
to the formulas in (3 .8) .  The energy flux of the nuclear component S(x) equals 
(for x >> 1 and K h- 1) 

( 3 . 9 )  

(without accounting for strongly ionizing particles). 

Taking into account the energy E ~ ~ ( x )  given up to strongly ionizing particles 

in a layer of material from 0 to x, we obtain a different dependence of energy flux 
on depth: 

sx 2 -- S' (x) - €,e 1 - 2 si (.r). 
3 (3.10) 

9 At energies much greater than 10 eV, the path of absorption of energy flux 
is significantly greater than the path of ineraction, since in each act, an account 
of the charge independence of the secondary pions being produced, only a portion 

of the energy (borne off by 7r -mesons) irreversibly.disappears from the nuclear 
component. When the flux of fast nucleons and pions decreases to zero, the re- 

9 maining low-energy pions (with Eo 5 10 eV) can in one act dissipate all of their 
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energy by forming strongly ionizing particles. This happens at some point xl. 
After this point absorption of the energy flux will proceed faster than for x < x 

This point is determined by the 
1' 

- 

relation S1(x ) = 0, i. e. , 
I 1 

Point x must be determined from 

experiment by a measurement of 
the absorption curve of the aver- 
age nuclear cascade. In Fig. 14 
are shown curves of the variation 
of ionization with depth in iron for 
200 I Eo < 500 GeV (xl - 400 
g/cm ) and Eo P 700 GeV (xl 2 

1 

2 
2 ,. 

2 700 g/cm") [44]. In the first 
case E ./E = 0.25, and in the 

s1 0 
second E ./Eo' 0.15. 

Figure 14. Variation of Ionization With 
Depth in Iron. 

s1 

2.4. Number of Nuclear Splittings in a Cascade N ns 

According to data from photoemulsions [42], the average energy expended 
in the formation of a single nuclear splitting in a collision with iron nuclei may 
be estimated as Ed - 800 MeV independently of the energy of the primary par- 

ticle.* Then the number of primary nuclear splittings arising in the entire cas- 
cade at different energies is Esi/Ed(see Table 4). 
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2.5. Energy of Neutrinos and Muons 
-I__ 

The energy expended in the formation of neutrinos and muons is negligibly 
small. 
tings; hence they decay with the transmittal to a neutrino in the final analysis of 
3/4 of their rest  energy. The fraction of the energy borne off by neutrinos is 

Postively charged pions of low energy are not able to cause nuclear split- 

- - 
*If this energy exceeds 1 GeV. 
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The number of slow pions n does not exceed 5% of the number of emitted protons 

n of corresponding energy [45]. Then the total number of slow mesons is 
7r 

g 

n, - 0.05Nns .nS (ng ='2) 

The neutrino energy calculated in this way is given in Table 5. The same table 
gives the energy borne away by fast muons arising from the decay of n-mesons 
of high energy: 

Here  N is the total number of high-energy pions. Assuming that this is 
equal to the total number of primary splittings, we arrive a t  the results given 

7r 

in Table 5. 

TABLE 4.  NUMBER O F  
PRIMARY NUCLEAR 
SPLITTINGS IN A 

CASCADE 

TABLE 5. ENERGY BALANCE IN A 
DENSE SUBSTANCE 

All the preceding estimates were made for iron, but because of the weak 
dependence of the parameters used on the atomic number of the substance, these 
estimate are  also valid for other elements in the middle of the periodic table. 
These are  the elements of greatest interest as  absorbers in calorimeters [46]. 

2 .6 .  Energy Balance in a Dense Substance -- with Average Atomic - Number 

The estimates of the preceding section give the possibility of considering 
the role of the various channels through which flows the energy of a primary 
particle incident on a dense absorber (see Table 5). 

3.  Constructional Features of a Calorimeter - - ~ - _  ~- 

The principal physical parameters of a calorimeter are: 1) thickness of the 
absorber xo; 2)  thickness of the layers between detectors Ax,; 3) linear vertical 
dimension 1; 4) type of ionization (energy)detectors; 5) area. 
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The pattern of development of the nuclear cascade, which was the subject 
of a previous paragraph, is the basis for choosing the optimum parameters for 
the calorimeter. In doing this one must consider both the requirements of suf- 

The latter condition 
means a minimum allowable number of ionization detectors and consequently a 
minimum,absorber thickness. From the point of view of the physical experiment 
one would like to have the maximum light grasp possible. Other conditions being 
equal, this is obtained with a choice of a minimum vertical dimension for the cal- 
orimeter. All of these conditions impose a limitation on the choice of material 
for the absorber. Calculations show [46] that at particle energies Eo - 1000 

GeV the thickness of the absorber in the calorimeter should be not less than 5 

nuclear path lengths (- 700 g/cm of iron). The ionization detectors are spaced 
equally every 5--6 cascade units of the substance, if one is studying primary par- 
ticles with energies ? 200 GeV. At lower energies the thickness of the layers 
needs to be reduced to 2--3 cascade units [41]. Elements in the middle of the 
periodic table are the best materials for the absorber: iron, copper, tungsten. 
The favorable relation between the lengths of the t-unit and the interaction path 
in these substances and the high density permit the construction of a calorimeter 
with a minimum number of detector rows (10--15) and a minimum geometrical 
height, which is essential for high light grasp. 

ficiently accurate energy measurement and practicality. - /59 

2 

When it  is necessary to study the dynamics of the development of nuclear 
or  electronic cascades, i t  is desirable to have a considerably greater number of 
detector rows and a thinner layer of material between them C47J. 

The choice of copper, brass, or  iron as the absorber is also expedient for 
another reason. In the majority of cases, the body of the ionization detector is 
made of brass or iron. Hence the use of these same materials in the absorber 
precludes the appearance of transitional effects. The use of lead filters would 
lead to transitional effects from lead to iron. The magnitude of this transitional 
effect for the maximum of an electronic cascade was calculated in [481. When 
scintillators or Cerenkov counters are  used as detectors marked transitional ef- 
fects arise even when iron filters are used. As detectors, one may use propor- 

scintillators 1411. 
tional counters [49], ionization chambers [40], Cerenkov counters [50], and - /6 1 

Ionization chambers are  most often used. Organic scintillators miscount 
to a considerable degree the ionization from strongly ionizing particles, and 
Cerenkov counters register only relativistic particles. In the latter case i t  is 
necessary to take into account marked transitional effects. 

In studying interactions of particles of high energy in the lower atmosphere, 
it should be kept in mind that the particles frequently fall into the apparatus in 
groups. The spacing between the particles in a group depends on their energy. 

In order to distinguish cases of incidence of single particles and groups of 

Hence for best resolv- 
particles, it is necessary to have detectors of small size. The diameter of the 
electron-photon cascade in iron is several centimeters. 
ing pDwer, one needs detectors several centimeters in size. Usually the ioniza- 
tion chambers have tubes 4--10 cm in diameter and are arranged in adjacent 
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rows in mutually perpendicular directions. 
tinguish the stems of showers from particles with energy - 100 GeV. At energies 
of the order of 1000 GeV the average spacing between the particles of a group is 
several centimeters, and in many cases it is impossible to resolve individual par- 
ticles. 

This system make i t  possible to dis- 

The situation arising with the use of Cerenkov counters and scintillators is 
even more complex. These detectors do-not give information about the quantity 
of stems and their direction of motion, unless one uses a very large number of 
photomultipliers. 

Figure 15 shows the typical constructional details of various calorimeters. 

4. Accuracy of the Energy Determination 

4.1. Experiments 

The principal methodological question is the question of the mean square er- - /62 
ror of the energy determination d. 

The error  distribution can in principle be determined by the experimental 
calibration of the calorimeter using particles of known energy. The particle en- 
ergy must be measured by some accurate independent method. 

In Section 2 we mentioned the results of a group of Indian authors, who cal- 
ibrated a total absorption spectrometer with protons of about 40 GeV energy [41]. 
The protons were selected by a gaseous (air) Cerenkov counter set up above the 
calorimeter. This counter, under the conditions of the experiment, registered 
.rr-mesons beginning from an energy of 6 GeV and protons from 43 GeV. 
the principal portion of the flux of charged nuclear-active particles are  protons, 
then in the energy region about 43 GeV one expects an increase in the fraction of 
cases when a shower in the calorimeter is accompanied by operation of the Cer- 
enkov counter. It was found that a change in the effectiveness of the counter set 
in, apparently, at  20 GeV, and not at 43 GeV. The possible reasons for this were 
discussed earlier (see Section 2.5). large de- 
ficiency in energy measurement with scintillator dectectors, cannot be extended 
to ionization detectors. In additi.on, as was pointed out above, in order to esti- 
mate the accuracy of a measurement of energy it is necessary to know the dis t r i -  
bution of the probability of occurrence of a given error. Thus, at the present 
time the problem of an absolute calibration of a calorimeter remains unsolved. 

Since 

This result, which is evidence of 

4.2. Possible Errors  

For this reason we have to take another approach and, starting from the ex- 
perimental results obtained in calorimeters, try to determine the distribution of 
errors in the energy measurement in an indirect way. For this purpose i t  is nec- 
essary to measure o r  calculate all possible errors  and their distributions. The 
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energy of particles falling down into the calorimeter is 

E,, = W I (x) dx. 1 
62 

From this it is clear that in the energy measurement the error  6E is the sum of 
several errors. . . 

/63 - 0 

a. Systematic errors. These errors  affect the average value of the meas- 
ured energy. They occur on account of an inaccurate value of the quantity W, the 
loss of low-energy particles unable to create ionizing particles, expenditure -of 
energy in overcoming the coupling forces between nucleons in nuclei, etc. 

b. Extrapolation errors. Since the block of material in the calorimeter has 
a finite thickness, there is =error associated with the exit of a portion of the en- 
ergy from the calorimeter. This e r ror  is 

(3.12) 

It also leads to a systematic underestimation of the energy on the average. How- 
ever, unlike the errors mentioned earlier, this one is in many cases equal to 
zero, since for a sufficient thickness xo the majority of cascades die out at x < 

For very great thicknesses x 6E can be made as small as desired. 0 1  < xo. 

c. Interpolation errors. The calorimeter has a finite number of ionization 
(energy) detectors arranged at discrete levels. 
has to be replaced by the sum 

Therefore the integral in Eq. (3.1) 

(3.13) 

l3 

i= I 
If all layers are  the same, the sum is A x T l i . .  Obviously, this replacement leads 
to an error  which can be decreased by using a more accurate interpolation formu- 
la. However, even Eq. (3.13) gives a very small error  (less than 5%), since the 
nuclear-cascade curves are  quite smooth. 

Besides the purely mathematical inaccuracy there is also an error  assoc- 
iated with physical reasons and also due to the discrete arrangement of the de- 
tectors. This error  arises on account of the important role of strongly ionizing 
particles, which because of their small path are  seldom registered but yield a 
strong ionization in the chambers. Thus the energy can be not only underestimat- 
ed, but also overestimated. Fluctuations arising from this source can be reduced 
by increasing the number of detectors. The average value of the error  is zero if 
one uses ionization chambers as  detectors. 
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4.3. Extrapdation Error  

An extrapolation e r ror  can arise if an electronic-nuclear cascade which 
has developed in the calorimeter does not succeed in becoming absorbed in it. 
Then the energy is carried away by a large number of low-energy particles. 
This means that the variation of energy flux with depth can be described by av- 
erage characteristics even in individual cases and in each case a correction can 
be determined, The correction is small for particles with Eo - 10l1 eV,  if the 

calorimeter has a thickness .xo 2 700 g/cm . 2 

It has been shown [44] that an electronic-nuclear cascade is absorbed ac- 
where L - h of 2 h  . cording to the law 

ual cases is 
Hence the correction in individ- 

(3.14) 

(I N is the ionization in the last row of the calorimeter). 

When Eo < 10" GeV, cases in which the cascade is not successfully absorb- 
ed are rare, and the quanti@ IN is usually small. Hence the indeterminacy of the 
correction does not much effect the measurement of Eo. 

It is still necessary to take into account the possibility of the exit from the 
calorimeter of particles that retain a significant portion of the primary energy 
and have not undergone an interaction within it. A calculation of this [46b] shows 
that at 300 GeV 92% of the avalanches are absorbed up to x = 5h, and a t  10 
about 77%; in the majority of cases, the energy escaping from a calorimeter of 
thickness x = 5 h  does not exceed several percent. 

12 
eV,  

0 

Figure 15. Typical Constructions of Working Calorimeters (G.--Rows 
1 of Counters): 

a) Ionization Calorimeter in Combination With a Wilson Chamber and a Godoscopic 
Arrangement of Counters [23]; b) Calorimeter With Cerenkov Counters as Detec- 
tors [50] ; c) Ionization Calorimeter in Combination With Photoemulsion Layers 
(Method of Controlled Phot,oemulsions) 1521; 1) Photoemulsions; 2) x-Ray Film; 
d) Total Absorption Spectrometer (TAS) With Scintillators as Detectors. The Ap- 
paratus Includes a Gaseous Cerenkov Counter and a Wilson Chamber [41]; e) Ion- 
ization Calorimeter With a Large Wilson Chamber in a Magnetic Field [51] ; 1) Gei- 

ger Counters; 2)  LiH Filter; 3) Wilson Chamber; 4) Ionization Calorimeter; 
f )  Arrangement for Measuring "Impact Ionization [53]. 
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4.4. Systematic Underestimation of the Energy 

Systematic underestimation of the energy can occur on account of its trans- 
fer  to fast muons and neutrinos, as well as to slow neutrons which are  already in 
no condition to create ionizing particles. Significant amounts of energy are  ex- 
pended in overcoming the binding forces between nucleons in nuclei. 

The energy transferred to muons and neutrinos was estimated in Section - 
2.5. The binding energy and the energy of slow neutrons can be determined by 
going back to the results of the investigation of nuclear fragmentations with the 
aid of photoemulsions. On the basis of the data of Powell e t  al., [45] i t  is pos- 
sible to compile the energy balance of nuclear fragmentations (Table 6). In doing 
this it is necessary to take into account that the number of ffblackff tracks Nb is 
on the average twice as great as the number of rrgrayff ones N 
black tracks are formed by Q! - particles. Secondary stars are created by neu- 
trons with energies in the hundreds of megaelectron volts, and gray tracks rare- 
ly arise in them. 

I and 1/3 of the 
g' 

~ 

Assuming that the energy of splitting an iron nucleus E = 800 MeV, we ob- 
tain N = 2. At an excitation energy - 100--150 MeV the number of black tracks 

g 
Nr = 3. 

the total energy of the neutrons produced, which is 165 N = 330 MeV, we find 

that the number of secondary and tertiary stars should be on the average three 
for every primary. Thus, the total number of stars in the calorimeter is 4Nns. 
From the table it also follows that the measured energy amounts to 60% of the 
total energy of strongly ionizing particles, whereas 40% is lost. At an energy of 
300 GeV the lost energy amounts to 10% of the total, and at 1000 GeV i t  is 5 6%. 
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Consequently, the energy of the secondary star is 110 MeV. Considering b 

g 

4.5. Measurement of the Energy of Strongly Ionizing Particles 

It is obvious that on the average all the energy of the strongly ionizing par- I ticles is measured correctly. In fact the energy measured by the ionization cham- 
bers is 

(3.15) 

where E 

is the probability of the registration of a splitting by the chamber (R 

fective path of the products of the splitting); G/ReE is the fraction of the energy 
of the splitting developed in the working volume of the chamber with quantity of 
gas 6; Y is the number of nuclear fragmentations in a layer Ax; A d 6  is the coef- 
ficient of conversion from ionization in the chamber gas to ionization in the layer 
Ax (interpolation! ). 
of the fluctuations of the measured energy due to inaccuracy of interpolation. Cal- 

is the energy of strongly ionizing particles in one splitting; R  AX si ef 
is the e€- eff 

On the basis of Table 6 it is possible to estimate the magnitude 
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TABLE 6. ENERGY BALANCE O F  NUCLEAR FRAGMENTATIONS 

Energy expended Energy, MeV Remarks 

a. Pr imary  

In fast  protons forming gray t racks  

In neutrons corresponding to f a s t  
protons 

In evaporated protons and tr-parti- 
cles 

In evaporated neutrons 

In the transformation of the bond 
of nucleons and a-par t ic les  in 
the nucleus 

Total 

165 N 

165 N 
g 

g 

13 Nb = 2 6  N 
g 

8 N  = 1 6 N  
b g 

48 N 
g 

420 N =a00 
g 

b. Secondary 

In evaporated protons and a-parti- 
cles 

In evaporated neutrons 

In the binding of nucleons in the 
nucleus 

Total 

13 Ni, = 117 

8 Ni, = 7 2  

18 N i  = 162 

39 NL 

Measured 

Fur ther  expended 
in  the formation 
of secondary stars 

Measured 

Possibly lost  

Lost 

Measured 

Possibly 10s t 

Lost 

culation shows [46b] that the principal contribution to this is brought in by a-par-  
ticles and evaporated protons. Protons with energies  in  the hundreds of gigaelec- 
tron volts (gray t racks in the photoemulsions) are regis tered with high efficiency 
and practically do not contribute to the fluctuations associated with interpolation 
error [46bl. 

4.6. Accuracy of the Calorimetric Energy Measurement 

Summarizing, we conclude that all the possible e r r o r s  which can occur in the 
measurement of energy with a n  ionization calor imeter  lead, on the average, to 
an underestimation of the energy and to relatively small  fluctuations about the 
average value of the measured energy. 
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Table 7 shows the ways in which energy escapes from observation in an ioniza- 
tion calorimeter (for a material thickness x % 5A). 

TABLE7. PERCENTAGEOFENERGYNOT 
REGISTERED BY THE CALORIMETER 

Energy of the primary 
particle, GeV 

i Type of energy 
50 1 300 I 

Binding energy and energy 
of slow neutrons 
Energy of neutrinos 
Energy borne off by fast 0.3 0.1 

1000 

6 

.0.2 
0.1 

6.3 

In this distribution we have not taken into account the Fermi motion of the 
nucleons in the nucleus and fluctuations of the fraction of energy transferred to 
strongly ionizingparticles in the individual acts. Although the fluctuations can be 
large, nevertheless they evidently do not affect the character of the curve in Fig. 
16 very much. This results from the rather high efficiency of registration of 
fragmentations by the ionization calorimeter. However, when scintillators and 
particularly Cerenkov counters a re  used as detectors, fluctuations of the energy 
of the strongly ionizing particles in individual acts play an important role. 

The distribution obtained for A shows that it can be approximately described 
in a logarithmic scale by a Gaussian shifted by an amount lgAo - 0 . 1  relative to 
< A > = 1 and having a mean square deviation d .- 0.1. If the Fermi motion is 
taken into account, the quantity d increases to 0.13. Thus the condition of appli- 

2 cability of this apparatus in cosmic ray investigations (d << 1) is fulfilled quite 
well. 
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5. The Hazards of Event Selection 

In the preceding section it was shown that in the case of an ionization cal- 
orimeter with absorber thickness - 5h the magnitude of d is small, and conse- 
quently the form of the energy spectrum of the cosmic radiation has little effect. 
However, in calorimetric measurements, particularly when the thickness is di- 
minished, a unique effect appears that is associated with the selection of events 
which differ because of fluctuations by short avalanches. 

Let, for example, a calorimeter register all events that develop in its ab- 
sorber an amount of energy greater than or  equal to E. Then the number 
interactions registered by a calorimeter with absorber thickness xo equals 
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N(E, xo)dE (xo > A): 

W 

N ( E ,  x,) dE = 1 N(E0)dE, ,W(E,  E,,, x,,)dE. (3.16) 
& 

Here N(EO)dEO is the spectrum of particles incident on the calorimeter and W(E, 
E , x )dE is the probability that an energy E will be developed in the layer xo. 
The spectrum is N(EO)dEO = AEzdEO (see Chapter XII). Hence if W depends 
only on E/EO = and not on E 

0 0  

0' 

N ( E ,  x,) dE = AE-'dE < i,*'-' (xJ>.  (3.17) 

Actually, as was shown in Section 4, the function W(E, Eo, xo)dE does depend on 
Then EO' 

(3.18) N(€, x,:~ d E  = AE-'dE<I:'-' (xu, E,)>. 

This means that, in the first place, the calorimeter preferentially selects events 
when in layer xo the maximum possible energy is liberated, and in the second 

place, there is a distortion of the energy spectrum of the incident particles due 
to the dependence of < 6'-' > on Eo. 

by calorimeters of various thicknesses to that registered by a calorimeter of 
Table 8 presents experimental data on the ratio of the energy registered 

In A = Zn 

Measurement of Energy With a 
Figure 16. Distribution of Errors in the 

TABLE 8. RATIOS OF' ENERGIES 
REGISTERED BY CALORIMETERS 

WITH DIFFERENT ABSORBER 
THICKNESS 

Commas represent decimal _ _  
Calorimeter. points. 
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2 thickness 800 g/cm of iron, 6 = E(x)/E(800). It is obvious that the selection ef- 
fect decreases with increasing xo. 

If we go to very small thicknesses xo, when in the layer xo there occurs, 
as  a rule, one interaction, then 

N ( E ,  X,,) dE = AE-'dE <zT' > Z' <.t-,,l, (3.19) 

where w(xo) is the fraction of energy transferred in a single act to the electronic- 
photon component. Obviously, if a! is independent of energy, the apparatus will 

correctly measure the energy spectrum. 

Usually in instruments of this type one uses a layer of light material (e. g. , 
carbon) as a target and two rows of ionization chambers under thin layers of lead 
for the registration of the electron-photon cascade [54, 561. The name "impact" 
has been given to such instruments. Of course, it is possible to determine with 
them only some average effective energy, and in an individual case i t  is possible 
to indicate only the lower limit of the energy, equal to E. 

0 

6. Comparison of Different Methods of Energy Determination 

Table 9 gives a comparison of the accuracy of energy determination by dif- 
ferent methods. 

TABLE 9. COMPARISON OF VARIOUS METHODS O F  ENERGY 
DETERMINATION 

Method 

Castagnoli 

Based on constancy of 
and on inelasticity 

P 

c1 

2.0 

3 . 2  

d 

1.3 
to 

1.6 

1.8 

Remarks 

Accuracy of method 
increases with in- 
creasing ns; for 
collisions with nu- 
clei, C is less 1 
than two 

C depends on as- 1 
sumption about 
< a* 
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TABLE 9. (continued) 

Method 

Energy determined from the 
emission angle of cr-frag- 
ments 

Relative scattering 

Shen and Kaplon 

Calorimetric (ionization 
chambers used as de- 
tec tors) 

1.0 

1.0 

1.0 

0.75  
0.90 
0.95  

d 

1.27 

0.25 

0.23 

0.15 
0.15 
0.15 

Remarks 

The value given re- 
fers to the case 
when the number 
of a-fragments in 
the shower z 3 

At energies 5 100 
GeV. Accuracy 
becomes poorer as 
energy increases 

Method verified at 
accelerator en- 
ergies 

300 50 Gev GeV 1 ,absorber For an 

L = 5 h  1000 GeV thickness 
' 0  

In the second column is given the value of the quantity C1, which determines 
the average energy discrepancy in the laboratory coordinate system. If C1 > 1 
the energy is overestimated; in the opposite case it is underestimated, i. e., E = /71 

where E is measured and E is true in the laboratory coordinate system, 0 = C  E 1 0' 

The third column gives the mean square deviation of the measured value of 
the energy from the true value 

d =  k'<(ln E - In E,)?>. 

In what follows, we shall regard methods of energy determination for which 
2 d << 1 as "reliablerr. 

erence in the analysis of experiments. 
The results obtained by such methods will be given pref- 
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PART I1 

INTRODUCTION 

Before we go on to an analysis of the experimental material, we shall /72 
make a few general observations of a methodological character. 

1. Besides the energy of the primary particle, the determination of which 
was  the subject of Part I, the question of the masses of the colliding particles 
is important in any description of the process. 

The nature of the primary particle, as a rule, is specified by the experi- 
mental conditions. 
protons or heavier nuclei, and i t  is easy to distinguish these by their ionization 
properties. 
particles have practically disappeared, but secondary particles appear: neutrons, 
pions, K mesons, etc. At high energies protons, K mesons, and pions are prac- 
tically indistinguishable by ionization, Thus, only the absence of charge on the 
primary particle will give evidence of its nucleonic nature, whereas the nature 
of charged primary particles is not determinable. 

Thus, in satellite experiments the primary particles may be 

In the lower atmosphere the picture is more complicated. The heavy 

The question of the nature of the target particle is not always successfully 
resolved in a well-defined way. 

In experiments with photoemulsions we have to use a probability-type ap- 
proach, because of their complex composition. From a priori considerations 
it has been proposed [30, 45, 571 that the interactions & which the number of 
gray and black tracks (Nh) is zero o r  one occur in the collision of a nucleon with 
a nucleon. If Nh 5 5, the target particle is considered to be a light nucleus; if 
Nh > 5 (or 8 id some papers) the target nucleus is a heavy one. Sometimes, to 

increase the statistics, cases with Nh equal to two or  three are also considered 
to arise from the collision of a nucleus with a nucleon. The accepted criterion 
for isolating nucleon-nucleon interactions is not reliable. 

In its passage through the photoemulsion a primary particle collides mainly 
with bound nucleons, which is not taken into account in this criterion. 

/ 73 - 
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In experiments with apparatus in which a Wilson chamber is used to regis- 
ter secondary interactions, the nature of the target particle is better defined. In 
this case a filter-generator of a homogeneous substance is placed above the cham- 
ber. The average number of nucleons in the nucleus involved in the collisioncan 
be determined for nuclei heavier than hydrogen from the formula 

where A is the atomic weight of the target nucleus, 

For a generator made of LiH, < n > = 1.4, for graphite, < n >  = 2, etc. 

2. Direct information about the interaction is obtained from measurement 
of the energies ( E ~ ) ,  momenta (pi), and emission angles (0,) of the secondary par- 
ticles. In order to have the possibility of uncovering the dynamics of the inter- 
action, i t  is necessary to transform from the quantities measured in the experi- 
ment to the characteristics that depend on the impact mechanism. The multipli- 
city and momentum spectra of the secondary particles, the coefficients of ine- 
lasticity and the angular distributions, the transverse momenta p ,  and the four- 
dimensional transfrred momenta A are  such characteristics. 
vestigation, we shall treat them as fundamental. This is a consequence both of 
the experimental potentialities and of the ideas about the mechanism of creation 
of the particles that have been invented by existing theories of the interaction. 
The possibility is not precluded that as we penetrate deeper into the unknown, 
new parameters may be found that will overshadow the current ones or  take their 
places beside them. 

L 

At this stage of in- 

In cosmic ray experiments the individual approach to the events under in- 
vestigation is a decisive factor. Hence, the principal problem of the experimen- 
ter should be to obtain all the possible parameters of an individual interaction. 
However, owing to the paucity of statistical material, particularly at  high energies 
of about 10 GeV, one has to average over the registered events and determine - 
the average parameters of the interaction (<n>, ck>, Zf(Oi), <p. >, etc. ) instead 
of their distributions. Later, the dependence of the average interaction param- 
eters  on the energy of the primary particle and the various correlations between 
the parameters are investigated. 
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However, obtaining the average characteristics sometimes leads to a con- 
cealment of the main features of the interaction or even to the appearance of false 
effects, if suitable precautions are not taken in the averaging process, Such ef- 
fects in  averaging over the energy spectrum of the primary particles were  ana- 
lyzed in Part I. As an  example, we can give here the situation with the average 
value of the coefficient of inelasticity for pion-nucleon interactions, which is set  
forth in detail in Chapter Vm. 

An average value of <a > - 0.5 is obtained in averaging events with very 0 
small or  very large coefficients of inelasticity. 
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Events with coefficients of inelasticity equal to the average value are prac- 
tically absent. 

A similar picture is obtained in the study of angular distributions. 
total angular distribution of the secondary particles turns out to be symmetric. 
However, this symmetry is usually the result of adding together angular distri- 
butions that are asymmetric in the forward direction and asymmetric in the back- 
ward direction (see Chapter IX). 

The 

These examples show that before one does the averaging, he should obtain 
all possible characteristics of the individual events and average only events that 
similar individual characteris tics. 

3. It is obvious that a different kind of distribution over the individual 
characteristics, and not their average values, gives us much more information 
for the explanation of the interaction mechanism. Obtaining such distributions 
is the basic, but unfortunately not always solvable, problem. 

The next step in the analysis of the experimental material is the study of 
the correlations between the different distributions. 

Although the remarks above are obvious, they are not always taken to 
heart. Sometimes, in the analysis of experiments we shall be able to discern 
such defects and expose them. 
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CHAPTER 4 

THE INTERACTION CROSS SECTION 

1. The Study of Interaction Cross Sections a t  High Energies 

1.1. Definitions 

We distinguish two types of particle interaction-elastic and inelastic, and 
this requi res  the introduction of the corresponding effective cross sections. Col- 
lisions of particles with nucleons are called inelastic if new particles are created 
thereby. Cases  of scattering (including those with charge transfer) are elastic. 
The interaction of a nucleon with a nucleus is somewhat more  complicated, Only 
that process  i n  which the pr imary  particle is scattered by a nucleus as a whole 
should be strictly elastic :coherent scattering). There is a lso  the quasi-elastic 
(incoherent) scat ter ing of the pr imary particle by individual nucleons of the nu- 
cleus. A s  a result  of quasi-elastic collision, one o r  several  3-nucleons are 
emitted f rom the nucleus, and the nucleus goes to pieces. 

Experiments by BeIletini -- e t  al. [58] have shown that during elastic scat ter-  
ing by a nucleus the square of the four-dimensional t ransferred momentum 

1 t i  exceeds 0.02 (GeV/c)' only rarely,  and the scat ter ing angle 6 is usually less 
than 7- rad. Quasi-elastic scat ter ing takes place a t  6 > 7-  rad, when 
the recoil nucleon obtains enough energy to overcome the binding forces in the 
nucleus. The kinetic energy of the recoil nucleon is determined f rom the rela- 
tion 

which gives about 10 MeV for 8 = 7. IOe3 rad and t (  = 0.02 (Gev/cy. The dis- 
tribution of the quantity [ti i n  the case of quasi-elastic scat ter ing by a nucleus 
should coincide with distribution fo r  elastic scat ter ing by a n  individual nucleon. 
Using [58a], in  which proton-proton scat ter ing was studied, and taking p-p are 
p-n scat ter ing to be the same, Belletini -- et al. [58] obtained the dependence of 
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the cross section of quasi-elastic scattering on I tl 

where cr is the total cross section of a nucleon-nucleon collision, pa /47rK is 
PP PP 

the amplitude of forward scattering in a p-p collision, and N(A) is the effective 
number of nucleons in a nucleus with atomic weight A that participate in incoher- 
ent scattering. In other words, quasi-elastic scattering by a nucleus A coincides 
with scattering by N(A) independent nucleons. 

Using for the constant c in Eq. (4.1) the numerical value obtained from ex- 
periments on p-p scattering at  19.3 GeV, the dserential  cross section of inco- 
herent scattering can agree with experiment if we take 

- 1 O l t l  
b/sr, 

do 
do 
- =. N ( A )  1 le  

and 

N ( A )  = 1.6A"' 

The latter relation shows that the cross section of inelastic scattering in- 
creases slowly with increasing atomic number of the target nucleus. 

In the majority of cosmic experiments the incoherent quasi-elastic inter- 
action is not registered, since thick filters that absorb &nucleons are used as 
targets. 

Usually the fact of an interaction is established from the appearance in the 
target of two or more secondary particles or from the electron-photon cascade 
which is developed in a special lead filter. In the latter case a certain minimum 
transfer of energy to T -mesons is required. The required inelasticity, espe- 
cially in the region of high energies, can be extremely small (- l%), and ine- 
lastic interactions are recorded rather well. 

0 

In those experiments where thin targets are used, quasi-elastic interactions 
are also partially registered. The results of different experiments may not agree 
because of different contributions by incoherent scattering. 

1.2  Interaction Path 

Instead of the interaction cross section, the interaction path h is used in 
cosmic rays. The interaction path is equal to the distance in which the number 
of particles that have not undergone an interaction is reduced e times. It is ob- 
vious that h is simply related to (T: 
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H e r e  h is measured in centimeters and c in square centimeters, and n is 
the number of nuclei per cubic centimeter. It is often more convenient to meas- 
ure A in grams per square centimeter, which permits elimination of the density 
of the substance in which the path is measured: 

(4.2a) 

where A is the atomic weight, m is the proton mass, and p is the density of the 
substance. P 

1.3.  Geometric cross section 

Physicists rather frequently use the concepts of geometric cross section 
c and of geometric path A corresponding to it. These concepts arose from the 
idea that the nucleon was a sphere with radius ro. Then the geometric cross 
section cro = 7rr2 

geometrical cross section of a nucleus with atomic weight A is 

0 0 

Because of the close packing of nucleons in the nucleus, the 0' 

and the geometric path 

(4.3) 

In experiments with particles of low energy the radius of the nucleon ro 
has been found to be equal to 1.4 F. Therefore in the older literature the cal- 
culated geometrical cross sections had extremely high values. The smaller 
values obtained in experiment were interpreted to be the result of a certain 
%-ansparency" of the nucleon 1591. 

The experiments of Hofstadter [60] on the determination of the electromag- 
netic form factor of the nucleon showed that the density of material in the nucleon 
smoothly decreases within a certain interval of distances from the center of the 
nucleon. In this connection it is possible to determine only some effective rad- 

ius of the nucleon, which was found to be equal to (cro >)'I2 - 1 .2  F. The pres- 
ence of a semitransparent edge on the nucleon results in a variation of the cross 
section with the atomic number of the nucleus. In fact, the region where the nu- 
cleus is semitransparent plays a relatively smaller role as the nuclear size in- 
creases, and the dependence of cross section on A should be faster than A 

2 

2/3 . 
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If the wavelength of the incident particle is so short that the properties of 
the nuclear material change little within it, then the nucleus can be considered 
as a continuous medium with a density distributed according to some law p(r), 
where r is the distance from the center of the nucleus. Then 

I where b is the collision parameter of the incident particle, and is the cross 

/ 80 section of the interaction of the primary particle with an individual nucleon. - 
The density distribution of the nuclear substance in a nucleus of atomic 

weight A, pA(r) can ‘be obtained from Hofstadter’s experiments [601. Figures i 1 7  and 18 show the dependence of 
h or  aTA on the magnitude of the 

cross section al [611. With the 
aid of these graphs i t  is possible 
to determine the elementary cross 
section a from the measured in- 
teraction cross section of nuclei. 
It should be remembered, how- 
ever, that the nuclear form factore 
are obtained in electron scattering 
experiments. The form factors 
of nuclei for nuclear-active par- 

U 20 10 6-0 8@ R,cm ticles may be different. For ex- 
ample, Belletini et al. 1581 ob- 
served that the radius of a lead 
nucleus was 0.5 F larger than 
that given by Hofstadter’s exper- 

b,mb 

60 1 

40 

20 

Figure 17. Relation Between the Total Ef- 
fective Elementary Interaction .Cross Sec- 
tion a and the Interaction Path in an Emul- 

sion h [60]. iments. 

(4.5) 

1.4. Connection between nucleon-nucleon and nucleon-nucleus cross sections 

In the limiting case of high energies it is easy to establish the relation be- I tween the cross sections of nucleon-nucleon and nucleon-nucleus interactiona 
based on the form factor of the nucleus. 

2. Experimental Methods for the Study of Cross Sections 

2.1. Basic formula 
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At  the basis of all methods for the determination of interaction paths in 
cosmic rays lies the formula 



600 

500 

14D 

Figure 18. Relation Between the Total Effective Elemen- 
tary Interaction Cross Section and the Cross Section of 
Inelastic Interaction With Nuclei for Various Substances 

[6 11. 

where N is the number of particles passing through a layer x without inter- 
action. 

2.2. Beam extraction methods 

The beam extraction method is the most reliable. This method requires 
an apparatus consisting of the following elements (Fig. 19): 

A--An arrangement for isolating the primary particle. For measurements 
in the atmosphere systems of hodoscopic counters are used, which make it pos- 
sible separate a single particle from the showers; 
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B 

b 
‘Target 

a 

Figure 19. 
tive Cross Section in Cosmic Rays by the Beam Extrac- 

tion Method: 
a) after Basilov et  al. [62]; b) after Bozoki et al. [58]; 
C1-C6, scintillation counters; S -S5, spark chambers 

Apparatus for the Measurement of the Effec- 

-- -- 
1 

with sound registration. The target is placed between 
chambers S2 and S3.  

X-A filter made of the substance under investigation, of thickness x; 
B-Hodoscopic counters or  proportional counter for isolating the particles 

D-The interaction detector. 

a)  counters under thick layers of material for observation of cases when 

hat pass through the layer x without interaction; 
This detector may include: 

several penetrating particles are observed in the interaction (if their number ex- 
ceeds three, this corresponds to an average energy of primary particles of about 
20 GeV); 

case events with transfer of a definite energy to photons are  registered); 
b) ionization chambers arranged in two rows with a lead separator (in this 

c )  an ionization calorimeter (the energy is measured directly); 
d) spark chambers (showers are  observed in the chamber; the energy of 

the primary particles is estimated from the multiplicity). 

The probability of registering an interaction with the detector is wd. The 
number of events registered by the apparatus with filter x equals 
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where n is the total number of interactions; Zi is the distance from the point of 
entry to the point of interaction of the i-th particle; Ri is the potential path length 
(R. = R! - 15 cm) for the i-th particle. 

1 1  

If the most probable value of the interaction path is A,  then S'(h)  = 0. The 
standard deviation is then equal to 

In practice this amounts to constructing the dependence of S1 on l /A  and to 
extracting the value of l / h  corresponding to S' = 0. 

Another approach is possible when an ionization calorimeter is used. In 
this case the energy is well estimated for events beginning in the upper layers. 
But 2€ the interaction should occur in the bottom of the calorimeter, a portion of 
the energy cannot be evolved in the block of material and in choosing events ac- 
cording to the rule E > E 
easily allowed for. If a cascade beginning at depth xo has a chance to evolve a 
fraction of energy 6, 6 + d6 with probability w(6, x)d6, then the number of events 
with a point of interaction located at a depth greater than x registered by the cal- 
orimeter, is given by the formula E661 

/ 84 
I_ 

some of the events will be lost. This effect is min 

Consequently 

d x  
<gr--I > e-"!L - A 

(4.11) 
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H e r e  R is the thickness of the calorimeter (equivalent of the potential length), 
and y is the index of the differential energy spectrum of the particles at the level 
of observation. This index is close to 3 on mountaintops (2000-5000 km). Hence 
to calculate n( > x, > E )  as a function of depth, i t  is possible to utilize the data of 
Table 9, which gives the quantity <6 > as a function of x. 2 

2.4. Method of comparing the interaction paths in two substances 

In a number of papers (e. g., [67J), in order to elminate the primary beam, 
the ratio of the interaction path in various substances to that in lead was measur- 
ed. 
chamber and under it plates of lead. The number of showers begun in lead nPb 
and in the investigated substance ni was compared: 

For this a plate of the substance under investigation was placed in a Wilson 

The last factor appears because the showers from the i-th substance and 
those from the lead differ. Hence choosing the showers according to an arbi- 
trary criterion (e. g., multiplicity) leads to a difference of the average energy of 
registered particles. 

The energies Epb and Ei are evaluated from the angular distribution, which 
renders this method insufficiently conclusive. Evidently, the e r ro r  arising be- 
cause of this is lessened if an intercomparison of paths is made in different light 
substances, e. g., Li, C. A1 [67J. 

2.5. Observation of solitary protons a t  the bottom of the atmosphere 

If at a depth x in the atmosphere one samples nucleons which have not un- 
dergone interaction in the overlying air layers, then a comparison of their inten- 
sity with the intensity a t  the outer edge of the atmosphere gives the possibility 
of determining h from formula (4.6) [68-701. 

An air shower accompanying a nucleon serves as an indicator of an inter- 
action that has taken place. Hence, by measuring a t  level x the intensity of nu- 
cleons without air accompaniments, i t  can be assumed that this is the same as 
the intensity of noninteracting nucleons. 

Actually, in a number of cases the air shower is absorbed in the atmosphere 
and does not arrive a t  the level of observation. Hence the observed intensity of 
solitary nucleons is too high, and this method gives only an upper estimate of the 
interaction path. In addition, the probability of missing the accompaniment re- 
duces with increasing energy, and the spectrum of solitary protons will be steep- 
er for this reason. 
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3. Results of Experiments on Cross Sections* 

3.1. General remarks 

Results of investigations of inelastic cross sections of the interaction of 
nucleons with nuclei at cosmic energies have been obtained by the various meth- 
ods described in the preceding section, 

Inelastic cross sections (or absorption cross sections) have been determin- 
ed in accelerators at energies of the order of 20 GeV both by the method of "poor 
geometry" and from the difference between the total and elastic cross sections, 

In the latter case the system of particle detectors shown in Fig. 19 has been 
used [58] Belletini et al. [58] have shown that for heavy nuclei this method gives 
the same results as the method of poor geometry used earlier by A s h o r e  et al, 
[71]. 
section that were too low (in Be by 25%, in C by 17%). 

However, for light nuclei the method of poor geometry gave values of cross 

3.2. Cross section of the interaction of nucleons with lead nuclei 

The cross section of the interaction of nucleons with lead nuclei equals 
1800 mb and is independent of energy. Tables 10 and 11 give the results of the 
measurements of cross sections in lead at  various energies. For convenience, 
the values of the cross sections and of the inelastic interaction paths are given. 

The cross section of the interaction of nucleons with lead nuclei lies in the 
interval 1760-1800 mb. Within the limits of twice the statistical error  the cross 

TABLE 10. AVERAGE VALUES OF CROSS 

CLEONS WITH LEAD NUCLEI FOR VARIOUS 
SECTIONS O F  THE INTERACTION OF Nu- 

ENERGY INTERVALS 

1c - 
$h 1 Remarks 

I mb I I 
Accelerators 

10-100 l770+.30 197f3 Accelerators 
1850,tlOO 188210 Cosmic Rays 

1-10 1 I760 

- ~ :: 103--1003 1310*220 192220 
103--105 1790k140 ' 195;t15 

section of the interaction of nu- 
cleons with nuclei varies by less 
than 15% in the interval from 1 

to lo5 GeV. 

3.3. Cross section of the ine- 
lastic of nucleons with 
carbon nuclei 

At accelerator energies the 
cross section of inelastic interac- 
tion of nucleons with carbon nuclei 
has been studied by the methods of 
good and poor geometry. The Lat- 
ter method almost completely elim- 
inates the quasi-elastic interaction. 
The cross section of inelastic col- 

/ 86 - 
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*A large amount of reference material on effective cross sections of elas- 
tic and inelastic interactions from very low to cosmic energies is given in the 
monograph of V. S. Barashenkov [6 1 1. 
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TABLE 11. CROSS SECTION OF THE INTER- 
ACTION OF NUCLEONS WIT13 LEAD NUCLEI 

Energy, 
G e V  

1.4 
2 .8  
3.0 
4.0 
5,O 
8.3 
17 
20 
23 

23.3 
24.0 
20 

30 
I50 
400 

3.103 
4-10? 
7.10-' 

Interac- 
ion cross 
section, 

mb 

1727 5 13 
1633-73 
1930 303 

1670 79 
1713z66 

1750150 
1810iEO 
I750 30 
1820 * 50 
21502 100 

15505130 
18 I O  5 5i0 
I800 250 
I i X J - I i O  

18 IO 2 380 

2ow g 1 3  

1740=90 

1 9 1 0 ~ 3 W  

2i)3&5 
214-10 
130133 
l 7 0 z 2  
20:-5 
1 9 7 i 6  

199 i 6  
192.-1 
199c3 

162 t8  

2 0 3 2  I O  

191 1 5  

I ,Accelerators[ 

t 
i 

1 11 
11 

i I t  
i 1 1  

I 1  

1 1711 
'Cosmic I Rays, isdl 

lision, measured by the meth- 
od of poor geometry [71], was 
found to be equal to (218 f 2)  
mb, and by the difference be- 
tween the total cross section 
and the cross section of elas- 
tic coherent scattering (254 f 
& 4) mb. 

In cosmic rays, the meth- 
od of beam extraction has been 
used for the measurement of 
inelastic cross sections. In 
the experiments of Rubtsov et 
al. 1861 at 600 GeV (Table 12), 
the interaction was fixed from 
the electron-photon cascade. 
The result agrees with the data 
taken at  20 GeV [71]. The pos- 
sibility is not excluded that in 
using the electromagnetic cas- 
cade for identification of the in- 
teraction the cross section is 
somewhat underestimated if 
K -mesons do not arise in all 0 

inelastic interactions. 
present time; presumably, it is not large. 

It is not easy to estimate the size of this effect at the 

In the work of Bolotov et al. I821 the cross section of the interaction of neu- 
trons with carbon nuclei was studied with the aid of a spark chamber. Events 
were selected on the basis of the appearance of two particles in the chamber. The 
result is close to the preceding one. A similar event selection, but using gas 
discharge counters was employed by Bozoki et  al. [81]. They worked with pri- 
mary neutrons of about 30 CeV in energy, i. e., very close to the interval of ac- 
celerator energies. They obtained an interaction cross section of 256 f 15 mb, 
which corresponds with experiments with good geometry in an accelerator. It is 
possible that their experimental set-up (Fig. 19b) more effectively registered 
quasi-elastic scattering than other cosmic ray experiments. 

Comparing the results of these experiments, we find that the cross section 
of the inelastic interaction of nucleons with carbon nuclei is independent of energy 
from 20 to 1000 GeV. 

Other authors [62 ]  came to a different conclusion. Preliminary data obtain- 
ed with the 11Proton71 satellites show that the cross section of the interaction of 
protons with carbon nuclei increases somewhat from 221 f 3 mb at 24 GeV to 
256 f 15 mb a t  about 1000 GeV. This work was done by the beam extraction meth- 
od, and registration of the interaction required the passage through the detector 
of two charged particles. The detector, a scintillation counter, was placed under 
a layer of lead, which gave the possibility of registering cases when there were 
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TABLE 12. INELASTIC CROSS SECTION OF THE 
INTERACTION O F  NUCLEONS WITH CARBON 

NUCLEI 
- 

Eo,GeV 

- 
2.2 
2.8 
5.0 
8.3  
20 

32 
20 
24 
60 

150 
1 70 

400 

510 

600 

.I100 

0, mb 

~ 

260 f 6 

235f I6 
218k8 
254f4 

2 5 6 ~ 1 5  
257 * 33 

237 f 4  

220 f 70 
242 f 3 

230f12 

221 f 3  

2%; 

220 *;E 
270 f 5 

256515 

77f2  
88k5 
85f6 
92k4 
79* I 

78*4 
78k9 

91 *30 

91 *I; 

Ref ~ 'Remarks 

Acceleration 
11 
1 7  
11 

Cross section in- 
cludes incoherent 
scattering 
Cosmic Rays 
Cross'kection does not 
include incoherent 
scattering 
Cosmic Rays 

11 

? I  

I 1  

t f  

l t  

only @-mesons among 
the secondary particles. 
This system neverthe- 
less miscounted some of 
the interactions, specifi- 
cally reactions of the 
type 

Experiments in an 
accelerator at an energy 
of 27 GeV showed [301 
that in the interaction of 
protons with light nuclei 
of an emulsion there is 
only one charged particle 
in the final state in 10% 
of the cases. A s  the 
primary particle energy 
increases the fraction of 
cases with ns = 1 decreases, 
since the average multi- 
plicity increases. Thus, 

some part of the change in cross section with energy in the "Proton'l experiments 
can be attributed to this effect. However, the situation remains unresolved due 
to the impossibility of obtaining agreement among the absolute values of cross 
sections obtained in different experiments. 

In what follows we shall use a cross section of inelastic interaction equal 
to 255 mb as  the most probable value. 

3.4. Interaction path in a i r  
2 The interaction path in air is 85 g/cm . In experiments carried out under 

the direction of Grigorov (68 ,  701, as  well as Zatsepin [69], the lower limit pos- 
sible values of the inelastic interaction Fross section was determined from meas- 
urements in air  (for method, see Section'2). The results of t h i s  work are  given 
in Table 13. 

3 

3 4 

At energies less than 10 GeV, the results presented in Table 13 can be cor- 
related with the idea that the cross section is constant in the energy interval from 
20 to 10 

possible values of the cross section measured in [68] is 20% greater than the cross 
section in the interval 20 to 10 GeV. Such a change could have arisen on account. 
of a four- or fivefold error  in the intensity measurement of because of an increase 

GeV. However, for Eo of the order of 10 GeV, the lower limit of the 

3 
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TABLE 13. LOWER BOUNDARY in the index of the spectrum of the pri- 
OF POSSIBLE VALUES OF THE 
INTERACTION CROSS SECTION 

- 

mary protons a t  energies E > lo3 GeV 0 
IN AIR (in mb) (see Chapters XII and XIII), 

The magnitude of the cross section 
of the interaction of nucleons in air can 
be estimated on the basis of measure- 
ments of their absorption path length L, 

using the formula h = L(i - c PY-'>), 
where P is the fraction of energy remain- 
ing with the nucleon after collision, and 
y is the exponent of the differential energy 
spectrum. 

IO' ;o;:.r;-, -1Rlf-* 
>235 I >285 2337 
- 1 >2t0&1E >283&15 1691 

[6P) 

I 

2 3 The absorption path is 110 g/cm in the energy interval 102-10 GeV. The 
magnitude of < P Y - l  > is in the interval 0.25-0.35 (see Chapter XII). From this 
we find 72 < h < 90, i. e., o '= 274 f 30 mb, h = 83 f 9 g/cm . This value corre- 
sponds with the cross section in carbon u - 245 f 27 mb, which agrees with 

other results and with accelerator data. 

& 
2 

C 

4 In the region of energies greater than 10 GeV, estimates of interaction 
cross sections are made using results of the study of wide atmospheric showers. 
The upper limit of the interaction cross section may be obtained from data on 
the height dependence o r  the angular distribution of wide atmospheric showers, 
which give an absorption path length of 140 g/cm , i. e., the upper limit of the 
interaction path. 

2 

The lower limit of the interaction path depends on assumptions about the 
mechanism of shower development. Hence the values obtained are included in a 
rather wide interval. According to data of Vernov et  al., [88] 

6 5 s i . s  1.10 g/cm2, 
1 2 0 ~ 0 ~ 3 6 0  mb. 

3.5.  Dependence of the inelastic interaction cross section on atomic number 

Figure 20 gives the results of measurements of cross sections of the inter- 
action of nucleons with various nuclei [58, 61, 63, 83, 841. 

In an accelerator at 20 GeV, the cross section of inelastic interaction was 
obtained by a single method for a wide selection of atomic nuclei [58]. In this 
case the dependence of cross section on atomic number has the form (r - A 
(for A > 12). For A i 12, the dependence has an irregular character. 

213 

The figure gives averaged data obtained in cosmic rays and in an  accelera- 
tor. In calculating the averages results with large statistical e r ro r s  were  included. 
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TABLE 14. TRANSPARENCY O F  SEVERAL NUCLEI 
AT 20 GeV. 

which is satisfied by the following dependences of cross section on atomic number: 

Such a dependence signifies an increase in transparency and nucleonic radius in 
the limiting case of high energies. 

The experimental data that has been considered show that up to energies of 
10 GeV, a dependence like 14.15) is not approached. If i t  were, the interaction /94 
path in all substances would tend to the sarne limit 

4 - 

(4.16) 

where m is the proton mass, and am is the cross section of a nucleon-nucleon 
P 

collision. 

Gell-Mann and Udgaonkar [go] considered the question of the asymptotic be- 
havior of the inelastic cross sections aNA and found that in the case of a complex 
nucleus the cross section satisfies (4.15) with allowance made for the "shadow 
correction". This correction is proportional to l / ln E Table 15 are presented 

the numerical estimates of the dependence of the quantity aNA/nRA on energy for 
two nuclei (RA is the radius of nucleus A). 

Thus, a 25% change in cross section sets in only at energies of the order of 

2 0' 

6 10 GeV, and the asymptotic limit is practically unattainable. 

3.6. Interaction path of nucleons in an emulsion 

Nuclear emulsions have an extremely complex composition. Table 16 gives 
the number of nuclei of the basic components for two types of emulsion (in order 
to obtain the number of nuclei per cm it is necessary to multiply the numbers in 

the second and third columns of the table by 10 

3 

22 
). 
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TABLE 15. DEPENDENCE O F  THE EFFECTIVE 
CROSS SECTION O F  INELASTIC PROCESSES ON 

ENERGY AND ATOMIC NUMBER 

I Commas represent decimal points. 

The composition of the compared emulsions is very similar. 

The last column of the table gives the calculated fraction of cases of inter- 
action of the nucleon with the different nuclei. In calculating the total cross sec- 
tion the results of measurement of cross section of nuclei in [58] were used. The 
probability of collision of a nucleon with a free proton in the emulsion is very 
small (less than 3%). 

In 74% of the cases, a collision with heavy nuclei takes place. Using the 
data of Table 16, one finds that the interaction path of nucleons in an emulsion 
should be equal to 30 cm. 

by Daniel et al., [64] as well as by others [91, 921. The results are given in Ta- 
ble 17. 

Recently, the experimental data obtained in photoemulsions was analyzed 

The interaction path in emul- 
sions at accelerator energies is 
greater than that calculated on the 

- - ~  the composition of L- -3- -29 . > - A -  

I O  cm). 
u a ~ i ~  01 aaca on 
emulsions ( A  = E TABLE 16. CHEMICAL COMPOSITIONS I OF NUCLEAR PHOTOEMULSIONS AND 

THE PROBABI LITY O F  INTER .ACTION 

I 'me source or thir 
may be the diffe: OF NUCLEONS WITH THE VARIOUS 

NUCLEI O F  THE EMULSION .- 

/ 95 - 

_- I .. - 
3 discrepancy 

rence in the methods 
or measuring cross sections employ- 
ed in [58 and 641. If one uses a de- 

9s section on A inthe 
in calculating the in- 
an emulsion [64], 

H 
C 
N 
0 
Br 
Ag 

3.37 
1 I36 
0.29 
1.02 
1 ;02 
1,02 

2,93 
I ,39 
0,37 
1 ,06 
1,02 
1,02 

0 ,U26 
0,106 
0.931 
0 io92 
0.343 
11, MO 

3.7. Cross section of the nucleon- 
nucleon interaction 

Direct measurements of the 

/ 96 - 

I Commas represent decimal points. cross section of the inelastic nu- I 
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TABLE 17. INTERACTION PATH OF NU- 
CLEONS IN AN EMULSION AT VARIOUS 

ENERGIES 

i 
Method f Refs. 

I 

Accel., exam. 
along tracks 
Cosmic Rays 
Examination 
along tracks 
Cosmic Rays 
Dist. of inter- 
action points I 

i f f  

cleon-nucleon interaction have 
been achieved at the present time 
only in accelerators with the aid 
of hydrogen targets or bubble 
chambers. 

Averaged data, in the inter- 
val 10-20 GeV give for the total 
cross section of the interaction 
cc > = 39.5 f 0.3 mb [94]. Con- 
sidering that the elastic cross 
section in this energy region is 
9 mb [61], we obtain <ein> = 

= 30.5 * 0.5 mb. Cocconi 1951 
reports a value close to this: 

PP 

34-f 3 mb from bubble-chamber 
data and 31 * 2 mb from counter 

experiments. In cosmic rays the  cross section of the inelastic interaction with 
hydrogen nuclei has been determined from the difference of the number of inter- 
actions in paraffin and graphite blocks. Bozoki et al. , [63] measured the cross 
section of the nucleon-nucleon interaction in cosmic rays. At energies of 30 GeV, 
c 
the "Protonft satellites 1621. 

= 35 i 11 mb and 60 GeV, c 
PP PP 

= 34 i 12 mb. This same method is used in 

To obtain the magnitude of the nucleon-nucleon cross section in the region 
of very high energies it is possible to use Eq. (4.5) and the graphs in Figs. 17 
and 18, which relate the inelastic cross sections on nuclei with the total nucleon- 
nucleon cross section. 

At accelerator energies this method may be checked directly. For this, 
we compare the nucleon-nucleon cross sections calculated from Eq. (4.5), start- 
ing from recent measurements of the inelastic cross section on different nuclei 
[58], with the cross section of the nucleon-nucleon collision from measurements 
in hydrogen bubble chambers ( cNN = 39.5 mb). The results of this comparison 
are given in Table 18. 

The difference between the average calculated value of the nucleon-nucleon 
cross section and the true one does not exceed 10% and is completely explained 
by the anomalously high magnitude of the cross section in beryllium. If we con- 
sider only nuclei that are heavier than beryllium, the difference does not exceed 
3%. 

Thus, there is hope of obtaining the correct value of the nucleon-nucleon 
cross section even from measurements on nuclei at very high energies. 
we use the values of cross sections at the highest energies. 
in Table 19. 

For this 
The results aregiven / 97 

The average value of the total nucleon-nucleon cross section differs little 
from that observed at  energies attainable in accelerators. 
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4. Cross Section of the Interaction of Mesons with Nuclei 

4.1. Pion-nucleon interactions 

The pion-nucleon interaction cross section is less than the nucleon-nucleon 
cross section. Measurements made in accelerators with bubble chambers give 
for the total pion-nucleon interaction cross section a value which can be approx- 
imated from the formulas I611 (kinetic energy T > 10 GeV). 

8 . 3  f 3 . 5 .  u = (23.6 & 0.9) f T,,, , 
9 . 3  * 3.4 

T , / s  

=--P 

u,++= (21.6 k 0.8) -I- (4.17) 

For experiments with cosmic particles energies Eo >> 10 GeV play a role, 

i. e., the asymptotic values of Eqs. (4.17). The difference noted in [61] between 
the asymptotic values for n+- 
and <-mesons is therefore 

cosmic rays. 
TABLE 18. COMPARISON OF CALCULAT- practically nonexistent in 
ED CROSS SECTIONS (inmb) OF NTJCLEON- 
NUCLEON INTERACTIONS WITH MEASURED 

VALUES The inelastic cross 
section is calculated as the 

:t nucleus I difference between the total 

P I  section 

Measured, 227 254 
inelas tic 
interaction 
Calculated, 60 42.5 
total nu- 
cleon in- 
teraction 

- 
A I  
- 
472 

38,: 

-1-1 NU- and elastic cross sections. 
cU ; Pb /cleans The latter varies insignifi- 
- cantly (from 5 to 4 mb) in 
31 the region of energies - 10- 

-20 GeV. Consequently, the 
inelastic interaction cross 

4ver- section of pions with nucleons 
age is close to (T = 20 mb. The 

cross section of the inelastic 
nucleon-nucleon interaction 

4 4 , s  ?rp 

is (T = 30 mb; hence, (T / 
PP PP 

Commas represent decimal points., 

/(Trip= 1.5. 

4.2. Cross section of the interaction of pions with nuclei 

Figure 20 shows the dependence of the cross section of the inelastic inter- 
action of pions with nuclei at energies of 10-30 GeV. This dependence is some- 
what stronger than for nucleons and can be approximated for A ?  12 by (T TA - Aoo8. 
with light nuclei is easy to understand, in view of the small magnitude of the 
cross section of pion-nucleon interaction. 

- 
The smaller values of the cross sections of the interaction of pions 

At higher energies, information about pion interaction cross sections is 
very fragmentary. 
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All available results have been obtained by the photoemulsion method for 
secondary particles originating in electron-nuclear showers; 80% of such parti- 
cles are pions. 

/ 99 The average inelastic interaction path of pions in an emulsion is [93] - 
i. = (35.9 5 2 9) cm 50 < E., < 309 GeV; 
i. = (41 -. 4- 7 )  cm 1 < E,< IclliGe\T[921; 

j. = (37 * :) cm lo2 < E,, < 10' GeVL521. 

A path length of h = 37 2 cm corresponds to a total n-nucleon cross section 
= 29 +11 mb. These magnitudes are close to those observed in accelerators. of c -7 w Consequently, the cross sec- 

tion of n-emulsion and n-nu- 
cleon collisions is essentially TABLE 19. CALCULATED TOTAL NUCLEON- invariant at energies from NUCLEON CROSS SECTION AT COSMIC 

Substance 

~ 

Pb 

Fe 

C 

Emu1 s ion 

Average 

Energy 

103- 10s 

I 0 ~ -  103 

10?-103 

=- 103 

:NER GIES to lo4 GeV. 

Measured nu- 
cleon-nucleus 
cross section 

mb 

ZaIcuIated 
total nu- 
zleon-nu- 
cleon cross- 
section. mb 

4.3.  Interaction path of pions 
in air 

The interaction path of 
2 

pions in air is 125 g/cm . By 
interpolation in Fig. 18 it is 
possible to obtain the cross 
section of the inelas tic inter- 
action of pions in air at  an en- 
ergy of several GeV. This 
cross section corresponds to 
a path A n  = 102 g/cm2, At 
higher energies the interac- 
tion path is determined from 
the asymptotic value of the 
elementary cross section c 

7i-P 

(4.17) and the graphs in Fig. 18. A s  a result, we obtain the dependence of A T  on 
energy represented in Fig. 21. A similar calculation was  carried out in [96]. In 

2 
both cases the asymptotic values of the interaction paths are close to 125 g/cm . 
Thus, the interaction cross section of pions in air should be considered to,be 
smaller than for protons: 

Certain data obtained in an accelerator [97] support this. In this work, the 
interaction cross section of pions with nuclei was investigated in a bubble chamber / 100 
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Figure 21. Interaction Paths of Nucleons (1) and 
Pions in Air (2-From the Graph in Fig. 18; 

3-From 1961. 

filled with a mixture of propane (68%) and Freon (32%). The number of nucleons 
in the average nucleus was < A >  = 12.3.  The results obtained are presented in 
Table 20. 

4.4. Cross section of the interaction of K-ons with nucleons and nuclei 

There is no information about the cross section of the interaction of K-ons 
at energies greater than 20 GeV. The experimental data on the dependence of 
total cross section on energy at  E > 10 GeV can be approximated by the expres- 
sion [611 

mb. 12.4 f 4.8 
E,,, a. ( E )  = (1 8.0 & I .3) 4- 

The elastic cross section evidently tends to a constant value of 3-4 mb. Conse- 
quently the cross section of inelastic K-on-nucleon interaction must be close to 
14-15 mb. 

Using the graphs in Fig. 18, it is possible to calculate the cross section of 
the inelastic collision of K-ons with nuclei, which is approximately equal for car- 
bon to 160, for iron to 600, and for lead to 1400 mb. 
ons in air  calculated from these data is close to 140 g/cm . 

The interaction path of k- 
2 

5. Interaction Paths of Primary Nuclei 

5.1. - Interaction path of nuclei in an emulsion 

One of the first investigations of the interaction path of primary nuclei in an 
emulsion was made by Bradt and Peters [98]. For the calculation of the cross 
section of the collision of a nucleus A with a nucleus % they used the formula 1 
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> 12 this exp:ression is valid with deviations of &15%, if r is 
ForA1, % 0 

taken equal to 1.45 F. 

The majority of measurements of the inelastic interaction paths of heavy 
nuclei have been made in the region of relatively low energies per nucleon, where 
the intensity of these nuclei is not too small. The interaction path of @particles 

3 has been measured up to energies - 10 GeV. The results of measurements of 
the interaction paths of nuclei with 2 2 3 and a-particles in emulsions at various 
energies are given in Tables 2 1  and 22. 

Evidently, the inelastic interaction path does not vary with energy. The in- 
teraction path of the deuteron in an emulsion is 16.2 f 1.4 cm [103]. 

Aditya [lo31 used the available data on the interaction paths of various nu- 
clei in an emulsion to determine the effective radius of the nucleon, assuming 
that the nucleus can be represented as a rough disk. According to this model, 
the interaction cross section of two nuclei (incident nucleus of radius R and tar- 
get nucleus o r  radius ri) is 

J, = z ( R  - ' -  rl)' .  (4.19) 

The radius of the nucleus is expressed by the formula R = r A1'3. These rela- 

tions permit the calculation of A .  as a function of r and the dimensions of the 

primary particle A. Hence, experiment gives the possibility of finding ro, if the 
dependence of h on A is measured. The experimentally determined radius ro 
varies somewhat from 1.13 F for 3 I 2 I 5 to 1.07 F for Z 2 20. For light pri- 

mary nuclei, e. g., He , D , H , large deviations from the expected value of hi 

0 

1 0 

4 2 1  

TABLE 20. CROSS 
SECTION OF THE 
INTERACTION OF 

CLEI, MEASURED 
IN A PROPANE- 
FREON CHAMBER 

[971 

HONS WITH NU- 

Inelas tic 

tion. mb 
Energy, interaction 

GeV cross sec- 

6.1 1 193k7 
11.6 187-1-7.5 

TABLE 21. 
CLEI WITH Z 2 3  IN EMULSIONS AT ENER- 

INTERACTION PATHS OF NU- 

GIES OF 1.5-40 GeV (in cm) 

z=c-9 
<..I>=I 4 I 2=3-5 

<+=a 

Commas represent decimal points. €8.1 I 18618.6 
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TABLE 22. INTERACTION PATHS OF 
@-PARTICLES IN EMIJLSIONS 

6 20,5&2,2 [I041 

10 19,7&2,4 [37] 
a i8,4&4 

12 17,5&1,0 11051 

2U 19,7&2,0 [I061 

23 20,2&1,7 [37] 

40 18,1*2,3 1371 
166 1 27f7 1 1241 

300 29,2*I$ [IO71 

500 25,8*i0 [lo81 

3.103 18,Uk; [62] 

Average value '8,7*0,6 

Commas represent decimal points. 

TABLE 23. INTERACTION PATH O F  
HEAVY NUCLEI IN CARBON 

6-9 I 2 1 . 6 - ~ I . Q  . - - , -  
> i o  1 i 5 . 5 + 1 , 7  

10- 16 I 15 ,752,  I 
16-19 I 1 3 , 9 4 4 . 4  
220  I 15,5;4,2 

 calculated^ Calculated 
from I from 

Eq. (4.19) Eq. (4.18) 
I 

2J,9 ' 24.2 
15.9 I 16.9 

18.9 
1 3 . 3  
13,O 

Commas represent decimal points. 

A,g/cm2 
50 
5.67 
40 

3a 

20 

are observed. In fact, a nucleon 
radius of 1.1 F gives A = 25.5 

cm, and not 36 cm, the experi- 
mental value (see Section 3). 

The experimental value of 
the cross section of inelastic p-p 
interaction leads to r = 0.5 F. 

If in calculating cr from Eq. (4.19) 
we assume a nucleon radius of 
0.5 F, then for all primary nuclei 
with Z 2 3, we obtain r = 1.16 f 

i 0.03 F. The deviation from Eq. 
(4.19) for light nuclei is explained 
by their structure. The radius of 
the most compact organized sys- 
tem of a-particles is ro = 1.04 F, 

and of the most loosely organized 
system-the deuteron-1.62 F. 

0 

0 

5.2. Interaction paths of primary 
nuclei in carbon 

Badhwara et al., 11091 in- 
vestigated the interaction paths of 
heavy nuclei in carbon at primary 
energies - 16.8 GeV/nucleon. 
The results of these measurements 
are given in Table 23. 

The authors state that the 
rough disk model [see Eq. (4.19)l 
gives somewhat better agreement 
with experiment than Eq. (4.18). 

Figure 22. Calculation of Interaction 
Paths A of NucleiinVarious Substances. 
Calculation from Eq. (4.19): 1-for an 
emulsion; 2-for a i r ;  3-fOr celluloid. 
Calculation from Eq. (4.18): 4-for an 

emulsion; 5-fOr air [logal. 
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CHAPTER 5 

MULTIPLICITY AND NATURE OF SECONDARY PARTICLES 

1. Introduction 

1.1. Electron-nuclear showers 

Electron-nuclear showers were discovered by Soviet physicists under the 
direction of Veksler  and Skobeltsin in 1949 [llO]. The principal feature of these 
showers is the multiple creation of secondary nuclear-active particles, mostly 
pions. Neutral pions, which have a lifetime of s, decay and initiate the 
electron-photon cascades. These are the basic processes in cosmic rays. 

Microphotographs of electron-nuclear showers registered in photoemulsions 
are  shown in Fig. 23 [lll]. The first thing that comes to our attention is the high 
multiplicity of secondary particles. 

At an early stage of the investigation there arose a discussion about whether 
the formation of particles was due to multiple collisions with several nucleons o€ 
a nucleus. The famous star of Shein [112], which now decorates many books, gave 
serious proof of the multiple character of meson production. In this star, 14 sec- 
ondary particles originate simultaneously in a nucleon-nucleon collision. 

1.2. Classification of secondary particles 

The multiplicity of particles of a given kind may serve as  one of the physical 
characteristics of the interaction process, e. g., the number of pions, K mesons, 
protons. However, in the majority of cases, the nature of the particles cannot be 
identified, and so one often turns to a phenomenological classification based on 
differences in ionizing ability. 

By studying nuclear collisions in emulsions sensitive to relativistic particles, 
Brown et al. , [113 J introduced a classification of secondary particles using meas- 
urements of the density of grains in the tracks of particles in the emulsion, They 
deemed it sufficient to consider three groups of tracks. 
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Figure 23. Microphotographs of Electron-Nuclear Showers 
in Photoemulsion [lll]: 

a-shower type (2 + 3 c 40)p; b-shower type (6 + 9 + 330)Z; 
z x 20. 

/ 105 

First, there are tracks created by strongly ionizing particles. T h  density / 106 
where g grains in this case G > 1.4gmin, 

-eated in the emulsion by a particle with unit charge and with kinetic energy close 
the intrinsic mass. The number of such tracks in each star is symbolized Nh' 

is the density of grains in a track - min 

Strongly ionizing particles leave tracks of two types: "grayTf, for which 
and "black", when G > 6.8gmin. The number of rays min' 4gmin5 G 5 6.8g 
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and pion-nucleon collisions the following groups of particles are  considered [114]: 
n, the total number of secondaries; ns, the number of shower tracks. They cor- 
respond to n-mesons with energies T > 60 MeV, protons with energies T > 400 
MeV, etc., (T is the kinetic energy); n the number of fast recoil protons (T > 

P' 
> 400 MeV); n f, the number of charged pions with T > 60 MeV; %* = n - n - 
- n f is the number of particles other than pions and protons; nc, the number of 
newly created charged particles (T > 60 MeV); nc = n - n 

7r S P  
7r 

8 P' 

2. Strongly Ionizing Particles 

2.1. Average number of strongly ionizing particles 

At a high energy of the primary particle, strongly ionizing particles are 
formed as  the result of nuclear fragmentation or the formation of recoil nucleons. 
The products of nuclear fragmentation have been studied mainly by the photoemul- 
sion method. Here it is particularly important to mention the basic work of Pow- 
ell and his colleagues. A survey of the results of these authors is given in [45]. 

The average number of strongly ionizing particles does not depend on the 
energy of the primary. Jain et al. , [115] analyzed the dependence of Nh on the 
energy of the primary particle in the interval from several GeV to the maximum 
energies studied in cosmic rays, which exceed 10 GeV. In the region below 1 
GeV, < N  > decreases and reaches 3 at 100 MeV. The results of various meas- 
urements are  summarized in Fig. 24. This figure demonstrates the practically 
complete constancy of <Nh> in the interval from 10 to 10 

both by protons and by pions. At cosmic energies the data for pions were obtain- 
ed from observation of interactions of secondary particles. 

3 

h 

3 GeV for stars created 

2.2. Features of the differential distribution of Nh 

The differential distribution of Nh in stars created by protons in accelerator 
experiments is shown in Fig. 25 [116]. 
stars along the tracks of primary particles. This method gives the possibility of 
finding all stars, including Nh = 0. In cosmic-ray investigations, when one often 

The results were obtained by looking for 

has to look over the area of a photoemulsion, stars with small Nh = 0, 1 may be 
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in the stars is symbolized N and Nb, respectively. These groups of tracks are 
distinguished by the fact that two maxima are observed in their distribution over 
G-in the region 1.5-2g min 

g 

and at  15gmin. 

Finally, tfthinlf tracks with G < 1. 4gmin are created by relativistic (shower) 
particles. The number Q€ such particles in a shower is symbolized n 

8. 

Later, this classification was made more complicated. For nucleon-nucleon 

/lo7 - 
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If the primary nucleus is only partially broken apart and there are  coarse 
fragments among the products, the distribution of stars over Nh has a different 
character [37]. The number of stars rapidly decreases with increasing Nh and 
the most probable value is Nh = 0. 

2.3. Criterion for the selection of interactions with different nuclei 

A common property of all these distributions is the presence of a rlsteplr at 
N = 6, which systematically appears in almost all experiments. This step can h 
obviously be explained by the contribution of nuclei of the group C, N, 0 at N h s  

5 6. Nevertheless, the role of interactions with heavy nuclei is significant even 
for a small number of strongly ionizing particles. In the region Nh 5 6, the dis- 

tribution contains about half of all the events. From Table 16 it follows that at a 
light nucleus there occurs only 1/4 of the whole cross section of an "effective" 
nucleus of the emulsion. Hence about 50% of all events with Nh i 6 occur at  heavy 
nuclei. The majority of events with Nh = 0, 1 also occur at nuclei heavier than 
hydrogen. The total number of observed interactions with Nh = 0 and 1 reaches 
17%, whereas the expected number of collisions of a nucleon with a free proton 
amounts to at most only 3%. 

All the same, the criterion of selection of nucleon-nucleon collisions Nh 5 

5 1 is widely used. Less scrupulous authors apply an even more liberal criterion: 
-= 3 and N 5 1. They start from the premise that a small number of strongly 

ionizing particles means a weak excitation of the target nucleus. The nucleus in 
this case does not affect the interaction process, and the latter will resemble a 
nucleon-nucleon one, although the Fermi motion of nucleons in the nucleus creates 
a 20% indeterminacy in the energy of collision in the L system. 

Nh - g 

In choosing nucleon-nucleon collisions according to Nh = 1, it is usual to 
The mass of the target mt, exclude stars that have recoil fragments or nuclei. 

the magnitude of which should be less than the mass of the nucleon, may serve as 
an additional criterion. 

It is noted that the extraction of a neutron leaves a radioactive nucleus be- 
hind, whereas extraction of a proton leaves a stable one. This, in principle, gives 
the possibility of distinguishing proton-neutron from proton-proton collisions. How- 
ever, it is not always easy to detect the decay electron. 

The choice of interactions with Nh 2 8 automatically excludes cases of weak 
excitation of a heavy nucleus. Therefore, by studying only cases with Nh 2 8 it 
is impossible to obtain all the propr t ies  of the interaction with heavy nuclei. The 
absence of good criteria for the selection of interactions with different nuclei com- 
pels us to use the generally accepted ones: a) nucleon-nucleon interaction, Nh I 2 
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or  Nh = 0, 1; b) collision with Cy N, 0 nuclei (<AS = 14), 2 < Nh c 5; c) collision 
with heavy nuclei, Nh 2 6 or  Nh 2 7. 

2.4. Nature of strongly ionizing particles and their properties 

Gray tracks are formed mainly by recoil protons. In the region of cosmic 
energies the number of recoil protons does not depend on the energy of the pri- 
mary particles. The average energy of particles forming gray tracks in emul- 
sions likewise is independent of the primary energy 11171. This energy is 165 
MeV. According to the data of [46], the fraction of strongly ionizing pions is not 
large and amounts to 0.005 per interaction. Such pions, evidently, are formed 
as a result of the retardation of fast pions due to secondary collisions in a nucle- 
us, since their number is proportional to the product nsNw Slow n+-mesons or- 
iginate more rarely than r-mesons.  

Black evaporative tracks are formed by protons and deuterons with energies 
less than 25 MeV, by slow a-particles, etc., 11181. The fraction of evaporated 
particles of different kind depends on the dimensions of the target nucleus. In the 
fragmentation of heavy nuclei, the fraction of a-particles amounts to 3W0, and in 
the fragmentation of light ones i t  reaches 50% of the total number of particles 
[119]. The fraction of deuterons and tritium nuclei is also considerable ( A  0.3n ) P 
[120]. Heavy fragments a re  rarely emitted. It is obvious that the probability of 
emission of fragments in the distruption of nuclei by protons equal the probability 
of fragmentation of high-energy primary nuclei in hydrogen (see Section 4). This 
problem has been investigated by Waddington [IlS].  

The average energy of evaporated particles depends on their nature. For 
singly charged particles this energy is 8-10 MeV, for a-particles 16 MeV, and 
for neutrons 3-4 MeV. 

In conclusion i t  remains to be said that the emission of evaporated particles 
Gray tracks a re  usually more or  less collimated in the occurs isotropically [451. 

direction of motion of the primary. 

3. Multiplicity of Relativistic Particles ns 

3.1.  Factors of impxtance in the measurement of multiplicity 

At f i rs t  sight i t  seems that the determination of the average multiplicity of 
relativistic particles should not encounter any difficulties using modern techniques. 
This is not so, however. Although in each individual case the number of particles 
in a shower can be counted rather accurately, it is difficult to determine the av- 
erage value of the number of particles in cosmic experiments. The reasons for 
this are the following. 

1. The multiplicity depends on energy. Hence the problem of determining 
the energy of the primary particle aggravates the situation. 
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2. The multiplicity depends on the size of the target nucleus. The absence 
of reliable criteria for distinguishing interactions with different nuclei in a photo- 
emulsion makes the result inconclusive. 

3. < n  > can depend on the nature of the primary particle. 

These factors have made the problem of determining the average multiplicity 

S 

at different energies extremely involved and the resul ts  are contradictory. 

3.2. Dependence of multiplicity on the size of the target nucleus 

It is rather obvious, but not unambiguous, that an indication of the size of 
the target nucleus is the number of strongly ionizing particles produced in its 
fragmentation. Hence the 2resence of a correlation between ns and Nh should be 
evidence of a dependence of n on the mass number of the nucleus A. 

S 

Table 24 brings together some typical data on the dependence of < ns > on Nh. 

TABLE 24. DEPENDENCE OF THE MULTIPLICITY OF 
SHOWER PARTICLES <nS> on Nh 

Protons I 

Nuc1eo.y 
cr-partic es 

9 I - I 5 . O L - n . 1  

*Interactions in carbon. 
**Interactions in copper. 

Commas represent decimal points 

- 
Refs. 

Using the criteria €or the selection of interactions with various nuclei (Sec- 
tion 2), we constructed the dependence of ns on <A>, assuming that for light nu- 
clei <A> = 14 and for heavy ones < A >  = 94 (Fig. 26). 
ized to < n  > = 16 at< A> = 94. The dependence obtained can be approximated by 

the expression <n > = n A 

All the results were normal- 

0 0.15 f 0.06 

Lohrman et al., [24] and Friedlander [125] arrived at  the same conclusion 

S 

S S 

earlier. In determining the dependence on A, a broad range of energies was used, 
among them extremely small energies. This result is not contradicted by the con- 
sequences of hydrodynamical theory, which predicts a dependence of the form ns- - A'* 19. 
this agreement with hydrodynamics may be accidental. 

The applicability of hydrodynamical concepts at 9 GeV is doubtful, and 
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3.3. Dependence of multipliciqy on energy 

a. Theoretical predictions-These are: 

The investigation of the energy dependence of n is of great interest from 
the pDint of view of selection of a theoretical model for the interaction process. 

The hydrodynamical theory of Landau 
El81 and the statistical theory of Fermi 
[1261 predict a dependence of the type 
n - a t  energies greater than 100 

GeV. A stronger dependence, close to 
n - is obtained in the statistical 
theory with allowance made for isobaric 
states [127]. 

S 

S 

48 S 

0.6 
7 10 A 

The Heisenberg theory 11281 gives 

o r  EV2(ln 0 Eo)2. The completely peri- 
pheral model developed f i rs t  by Amati 
e t  al., [129] predicts a logarithmic 

Figure 26. Dependence of Multi- an even stronger dependence n - Eo 112 plicity on M a s s  Number: S 

I -nh- A0.l2. 2 -ns- Ao,15; 3 -ns- 19. 

growth of ns with energy. A similar dependence is characteristic of other peri- 
pheral models. 

n on energy. However, any quantitative difference among them appears distinctly 
only at energies E 2 10 GeV. 

Thus, these few models already give a rather wide range of dependences of 

3 S 

0 
Each of the theories has a specific energy limitation. For example, strictly 

-peaking, the Landau theory is applicable only at very high energies, whereas the 
peripheral models are applicable a t  lower energies. Hence the possibility is not 
excluded that one will observe different dependences of ns on E at different en- 

ergies. In addition, in a certain energy region events of different types can exist 
simultaneously. This still further complicates the picture. 

0 

Unfortunately, information about the magnitude of < ns > a t  high energies is 
The principal task of an experi- fragmentary and not always val.id (see point b). 

ment is the accumulation reliable data. 

b. 
pendence of n on energy, we selected papers satisfying the following criteria: 
1) the energy of the primary particle is determined sufficiently reliably (see 

The attempt to select reliable data. -For the determination of the de- 
S 
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For the comparison we shall also make use of other materials, obtained 
mainly in photoemulsions durfng energy determination by the Castagnoli method. 

c. Dependence of <ns> on energy: - logarithmic or power-law?-Fig. 27 we 
show the theoretical depandences of < n  > on energy (curves 1, 2 and 3), together 

S 

Is n, 
2 

1 

0 

Chapter III, Section 6, Reliable Methods); 2) the results compared were obtained 
through the use of identical criteria for event selection; 3) the nature of the pri- 
mary particle was accounted for. 

We shall consider the results collected in this fashion to be reliable. / 114 

/115 

Figure 27. Dependence of Multiplicity nS 
on Energy on a Log-Log Plot: 

with the reliable experimental data. 
The results used pertain almost ex- 
clusively to nucleon-nucleon interac- 
tions. The theoretical curves were 
normalized so that they agreed with 
experiment at an energy of about 25 
GeV. Curves 1 and 3 practically 
coincide over the energy interval 
from 25 to 150 GeV. 

As a result we obtain the follow- 
ing analytical representations of the 
functions : 

2) n, = 0.91 (E"/fM)". ; 
(5.1) 

3) tt, = 3.2 Ig ( E ,  'iu). 
The experimental material used 

for comparison with these expressions 
is listed in Table 25. 

It follows from Fig. 27 that in 
the region of accelerator energies (Eo < 30 GeV) the experimental dependence of 
n on energy can be represented by the functions (5.1) (functions 2 and 3), where- 
as at high energies it is difficult to make a choice between curves 1 and 3. Ex- 
periments at very high energies would be of decisive value. 

For the region of energies less than 60 GeV, Malhotra (1301 proposed the 
following approximate formula for the dependence of multipLicity on energy (Eo 
in GeV): 

S 

< n,, > 0.95E: * ". (5.2) 
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TABLE 25. "RELIABLE" EXPERIMENTAL DATA ON MUL- 
TIPLICITY IN NUCLEON-NUCLEON INTERACTIONS 

I 

Energy of 
primary 
nucleon, 

GeV 

Type of in- 
interaction 
or  method 
of event se- 
lection* 

23.5 P-P 
24.0 P-P 
250 p-.V-:emuhior 

300 p LiH 
1300 p- nucleus 
1300 P.'V 

12 309 

n 
S 

_-- 
1.510.2 

2.28ZO. 16 

4.1,0.6 

8 .8k1 .9  

(18,S.O) 

1 7 5  I 
16,3 

2.59.,0.16 

4.0=0,1 

9 . 0 5  1.0 

( 1 1 =2,0)  

Remarks 

Accelerator 
)I 

I t  

I t  

I 1  

Relative scat- 

Calorimeter 
Castagnoli method 
in nuclear dis- 
integra tion** 

Three case&(c** 
Eight case.+*** 

tering 

f 

*In the majority of cases t ? sslection of nucleon-nu- 
cleon interactions was more rigorous than was considered 
earlier. 

was used to determine < n  >. From the author's [911 value 
of <n > for the emulsion, the average multiplicity for the 
nucleon-nucleon interaction was determined with the aid of 
Fig. 26. 

***Specifically, three cases from the distntegration of 
fragment No. 1010 [91]. 

****The same, but converted to the nucleon-nucleon in- 
teraction with the aid of Fig. 26. 

**The cas2 of fragmentation of the primary nucleus 

S 

S 

The multiplicity of newly created particles <ns> can be described by the /116 
function 

n, = 0,63EoL5'. (5.3) 

The valid experimental data in the interval of energies from several GeV 
4 to 10 GeV satisfy the nearly logarithmic law 

<n,> = 2.9 log (E,) -E 0,03&''. (5- 4)  

In the region of high energies this result is based on a single pDint at Eo = 1.2 x 
x 10 GeV, from which one can judge i ts  reliability. At this energy the average 
multiplicity calculated from Eq. (5.1) (function 1) is 1.5 times greater than that 
given by experiment. This difference cannot have any decisive value, since the 
statistical uncertainty of the experiment is too great. 

4 
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Thus, in the energy region Eo > 100 GeV, the question of whether the de- 
pendence of < n  > on energy is logarithmic o r  power-law remains open. 

3.4. Dependence of <nS > on energy in the interaction of nucleons with nuclei 

Table 26 gives the results of the determination of <ns> in the interaction of 

S 

high-energy nucleons with emulsion nuclei. 

12.951.8 
18.151.5 
24*4 

1 %  1 
12 000 

The energy dependence of <ns > derived from this table is the same as that 
for nucleon-nucleon collisions. In the region of lower energies, the increase of 
multiplicity is evidently faster. 

3 4 energy interval 2.8 x 10 to 1.8 x 10 GeV. 
These results were presented in Fig. 3 to- 

~241 
[3 , 911 

3.5. Dependence of < n  > on energy as measured by the Castagnoli method 

We now consider the results o5tained when the energy of the primary par- 

/117 1 S I 
ticle is measured by the Castagnoli method. 

I Sanko, Takobayev, and Usik [137] analyzed 92 cases of the interaction of nu- 
cleons with Nh s 2. The energy was determined from the angular distribution of 

the secondary particles. They found that in 
the interval of variation of y s  from 7 to 70 

and higher (E, > 10 GeV in the latter case). 4 PENDENCE -.--..- -- TABLE26. DE 
OF AVERAGE NU.L’I’IYLIU- r -  ’ 0  v 

3.6. Determination of the average multiplicity of pions from the number of h i 2  
energy photons 

I McCusker and Peak [138] find a logarithmic depencence of < ns > on energy I 
I somewhat like that of (5.4). To determine < n  S > at the highest energies (- 3 x I 

x lo4 GeV) the results of the measilrement of multiplicity of photon$ 
action of primary particles with carbo3 nuclei are used [139]. In order to I 

3 in the inter- 
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convert to the nucleon-nucleon collision, the authors reduced the experimental re- 
sults by a factor of 1,5.* 

The method of determining multiplicity from the number of photons consists 
of the following. With the aid of photoemulsion chambers with a carbon target, 
groups of photons from the interaction of primary particles with carbon nuclei are 
registered. 

Those events are selected in which the total energy of the photons exceeds 
the specified threshold value.** The energy of the primary particle is assumed 
equal to 

where <K> in different papers is taken equal to a vaIue between 5 and 6 (see Chap- 
ter VI, Section 5). Photons with energies less than 50 GeV escape from observa- 
tion, and corresponding corrections have to be introduced. These corrections 
must take into account photons of low energy emitted within the limits of the same 
angles in the L system as high-energy photons, as well as photons emitted back- 
wards in the S system. The first correction, according to the estimates of the 
authors of [139] and [140], amounts to about 20%, and the second is estimated 
from the assumption of symmetry in the C system. 

The Lorentz factor of the C system is found from the energy E determined 0 
by formula (5.5) assuming a nmleon-nucleon collision. A certain arbitrariness 
in choice of < K >  leads to e r rors  in the estimate multiplicity. According to data 
of 11391, the used of the limitin,g values < K >  = 5 or  < K >  = 10 changes < n  o >  by 
less than 10%. The number of charged pions is determined from the assumption 
of isotopic invariance. The results obtained by this method are presented in Ta- 
ble 27. 

71 

It is impossible to compare directly these results with the data in Table 25 
Firstly, this method gives no possibility of allow- and Fig. 27, for two reasons. 

ing for the contribution of K-mesons, and, secondly, in a number of cases it is 
not possible to establish the nature of the primary particle. 

The first reason, abviously, lowers the total multiplicity. If a portion of 
the registered events is evoked by primary nuclei, the multiplicity will turn out 
too high. Thus, a certain methodological indeterminacy comes about. With this 
allowed for, the data of Table 27 agree with the approximate formula (5.4). 

In a number of papers the authors insist that the multiplicity increases with 
energy like [911, [141]. We have already remarked that i t  is practically 

~~~ ~~~ ____ ~~~ ~~ ~ ~~ ~~~ ~ 

*From Fig. 26, this coefficient is 1.4. 
**The energy of the photons is measured by the methods considered in 

Chapter VI. 
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1600 11.103 16k2 
1600 1 11.103 1 25k5 
4000 28-103 27t5 
6000 42-10' 27z3.5 
6700 1 47.103 1 -35+10 

Multiplicity I 
in nucleon- Refs. 
nucleon col- 

lision* 
I 

*Multiplicity determined from Fig. 26. 

impossible to distinguish this dependence from the logarithmic one over a wide en- 
ergy range. And, in the region of high energy, where experimental data are very 
scarce, i t  is necessary to exercise caution in using the results of the investigation 
of generation on nuclei. These results require the introduction of significant cor- 
rections, and this is not always kept in mind. 

3.7. Dependence of multiplicity on the mass of the excited system 

From the point of view of the fireball model, the majority of pions is from 
a strongly excited system that does not include baryons. 
tem 92, generally speaking, can be different. The question arises, how is multi- 
plicity connected with mass [142]? The magnitude of i9? is rather simply deter- 
mined in the case of the formation of one excited center [ll]. Let two colliding 
nucleons transfer to the excited system energies KIEc and %Ec7 respectively 
(Ec is the energy of the nucleons in the C system). 
agglomerate is 

The mass of such a sys- 

Then tbe mass of the excited 

An attempt to determine the dependence of n on EO: experimentally was un- 
dertaken in [143]. The mass of the fireball was determined from (5.6), and the 
validity of the model with the generation of one fireball was assumed. The linear 
dependence of ns on %R so obtained is not particularly surprising, since it reflects 

the approximate constancy of the energies of the pions in the C system, in the nar- 
row interval of primary-particle energy considered. The approximate value of the 
mass of the conglomerate Sm may be obtained from the formula 

S 

3 
2 (5.7) Em= - n, < s s z > ,  

and at not very high energies there is little difference between the S and C systems. 
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4. Secondary Particles Produced in the Collision of Nuclei and 
Their - Multiplicity 

4.1. Fragmentation 

In the interaction of heavy primary nuclei of high energy with nuclei, pro- 
tons, the products of disintegration of the primary nucleus, are present among 
the thin tracks formed by the secondary particles. It is necessary to account 
for this in determining <n  >, for which the number of protons n is subtracted 
from the measured number ns, where 

C P 

(5.8) 

H e r e  Zo is the charge of the primary nucleus and Zf is the charge of the secondary 
fragment, equal to two or  more. The ionizing ability of these fragments is great, 
and they do not enter into the number of thin tracks in the emulsion. However, 
they are quite easily distinguishable from the gray and black evaporative tracks, 
since they are sharply collimated in the direction of motion of the primary nucleus 
[see Eq. (2.8)l. 

The probability of formation of fragments of a primary nucleus increases 
with its size. Table 28 gives the fraction of cases in which some number or  other 
of fragments with Z 1 2 is formed in the interaction of primary nuclei in an emul- 
sion (averaged resul t  [37], [loo], [1021. 

TABLE 28. AVERAGE FRACTION OF FRAGMENTS WITH 
Z z 2 PER INTERACTION 

Commas represent decimal points. 

/ 121 

Let us define the fragmentation parameter P.. as the average number of 
13 

fragments of typ;? j produced in the fragmentation of a primary nucleus of type i. 
We divide the primary and secondary nuclei into several groups depending on 
their charge and introduce the generally accepted notation (Table 29). 

The distribution of P.. for various primary nuclei with Eo > 7.5 GeV/nucleon 
13 

and for various targets is given in Table 30. 
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I Selection of events in an emulsion bv the criterion N, 5 1 nives a signifi- I 
cant percentage of collisions with separate nucleons (free o r  bound). Hence the 
data in the first line of Table 30 can be considered as the fragmentation param- 
eter for hydrogen [371. 

4.2.  Average multiplicity of mesons created in the interaction of a-particles 
with nuclei 

The multiplicity of secondary, newly created particles in the interaction of 
a-particles with nuclei is, on the average, twice as great as in the interaction of 

nucleons. For the determination of the num- 
ber of generated particles nc in the interac- 

clude the pruwns a 
clear disintegration L L - U ~  LUG U U ~ U L - V ~ U  LILUI~- 

ber of secondaries nS. 

TABLE 29. NOTATION FOR tion of -_ -1 -2  2 L  2 I - - -- - -- -_ A- -_- 
THE VARIOUS GROUPS OF 

NUCLEI 
I 

For a primal-- ----’- 

ary rru~iei IL is rreuessar-y w ex- 
-rising as the result of nu- ^LA--  

- $--- A L -  -%------2 -__- 

H e 1 2  I a 

lluGlc;on the correction 
is not large (n, = 0.5 on the average). If a 

I Li .  Be. B I 3-5 I L .. . - 1  . .  I Y 

primary a -parncre interacts, in many cases 
n -  = 2 .  

V H  P 
Investigation of nc for primary helium 

nuclei has shown a significant dependence of 

- I 220 I 
this quantity on the degree of excitation of the target nucleus, as in the case of nu- 
cleons. 

31 f 10 (for Eo = 165 GeV) [241. These magnitudes are, generally speaking, twice 
as great as for nucleon-nucleus collisions at the same energies. 

4.3.  Other nuclei: <ns > is proportional to Z 

For the analysis one can use the data of [146]. These data contain 25 inter- 

Thus, for Nh s 5, < n  > = 14.7 f 4.2 ,  and for Nh > 5, this quantity reaches S 

/123 - 
actions of primary nuclei with Z ? 2 and 14 interactions of secondary fragments 
with Z r  2. 

The principal portion of these events had an energy exceeding 1000 GeV (de- 
termined from the total energy of the secondary charged particles).* The resu l t s  
are given in Table 31. 

In spite of the limitations of the statistical material, a sharp increase in <nc> 
with increasing charge of the primary nucleus is clearly seen. The somewhat smal- 
ler than expected value of < ns > for the group H (the last line of the table), is explained by 

a fortuitous circumstance-the lower energy psr nucleon for this group of nuclei. 

- - 
*In the majority of cases the energy transferred to the charged particles ex- 

ceeded 1000 GeV. 
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L 

I .42&0.11 
0.93k0.06 
1.0550.11 
I .00&0.08 
0.90~0.08 
0.93*0.12 

0.78 

TABLE 30. FRAGMENTATION PARAMETERS P.. 
11 

- 
I 

137. 1001 
[144, 1451 

[ I091 

1143al 

[ I434 
[143al 

[ 109ill 

I 
I- Material 

I H  
Emulsion (Nh 5 1) . . . 
Emu1 s ion . , . . . . . . . 
Carbon. . . . . . . . . . . 
PO ehylene. , . . . , . 
:ion . . . . . . . . . . . 
Celluloid . . . , . . . . . 
Emulsion (Nh 5 1) . . . 
Emulsion . . . . . . . , . 
8;bon. . . . . . . . . . . 
Pol ethylene, , . . . . . 
Tedon , . . . . . . . . . . 
Celluloid . . . . . . . . . 

....... .. 

. . . . . . . . . . . e .  

Carbon. . . . . . . . . . . 
Air  . . , . , . . . . . . . . 
Pol ethylene.. . . . . . 
Tedon . . , . . . . . . . . 

0.31 50.07 
0.31k0.04 
0.27 c0.05 
0.1710.03 
0.27 * O .  06 
0.10+0.04 

0.27 

M 

0.40 10.09 
0.33 f 0.04 
0.30 -io, 05 
0.29 i o .  04 
0.16+0.05 
0.28 * O .  07 

0.34 

0. IO*O,OS 

0.11 20.02 

0.19k0.02 
0.09 +O,  03 

0.09 k0.02 
0.13~0.03 

0.04 

L 

O.IOkO.03 
0.14k0.03 
0.23 f0.05 
0.26 -10.04 
0.36 +O.  07 
0.3210.08 

0. I6 

0.35 k0. 04 

0.29 k 0.04 
0.24 +O .03 
0.30 t0.04 
0.19;0.04 

0.26 

0.21 10.02 

0.13j,O.OG 
0.15f0.05 
0.17-1-0.07 
0.17+0.07 

- 
a I Refs, 

1.61~0.20 
1.39&0,09 
1.31 k0.15 
1.34kO. 12 
1.41*,0.19 
I .37+0.18 

1.16 

137, loo] 

[ I091 
[ 143aj 
]143a] 
I I43a] 
[ 10C)aj 

~441 

W 
W 



Primary 
nucleus 

a 
a 
a 

a 

C. Li,  R, Mg 
C, Li.  €3, Mg 

H 
H 

H 

<R*> 

37+6 
16.4*4 

13*3 

8 

131 *5E 

16k4 

- 
61 

- 100 

1 Event selection 

35+6 
1 4 * 4  
11k3 

8 

125k55 

55-60 
16k4 

- 

- 90 

TABLE 31. DEPENDENCE OF AVERAGE MULTIPLICITY 
/123 - ON THE PRIMARY NUCLEUS 

/124 - 

A 11 
N h d ;  1 
Nh=O, 1, except for the 

two cases with high- 
est and lowest 

All, but &.e x-parti%e was I 
conserved after inter  

I 'I 
-1. action I _  n 11 
All, but nucleus conserved I 6 
All ,  but nucleus complete- ' * 

Iy or almost complete- 
ly conserved after in- ; 

A 11 1 9  

teraction I 
A l l ,  but nucleus complete- , 

ly disintegrated into I 

3. 

nucleons and fragments 1 

The increase of < n  with increasing size of the primary nucleus is consid- 

erably greater than with increasing size of the target nucleus for nucleon-nucleus 
collisions. 
to the nucleus-nucleus type. 

C 

This implies that the observed interactions of primary nuclei belong 

The change of < n  > with increasing size of the primary nucleus was inves- 
tigated by Coghen et al., [123]. In all, 11,000 tracks in 104 showers created by 
a-particles and 37 by heavy nuclei were registered. The interactions chosen 
were those in which Nh 2 7, yc > 23, and the primary nucleus completely disin- 
tegrated. 

C 

In this case <nc>/A = 16. Within the limits of one standard e r ro r  the mag- 
nitude of n was included between 14 and 20 for the a-nuclear collisions and be- 

tween 12 and 20 for the primary heavy nuclei. 
C 

In those cases when only small fragments come out of the nucleus, the ratio 
< n  >/AA, where AA is the change in charge of the primary nucleus, is determined. 

The average value of this quantity for a primary-particle energy of - 1.3 x 10 
GeV/nucleon was obtained by Abraham et al., 1381. For events chosen according 
to the rule Nh 5 5 (light nuclei in emulsion), inc>/AA 2 8.6 f 1.7, and for Nh > 

3 C 

> 5 (bromine and silver nuclei), <nc>/AA 2 17.1 f 1.6. These values are only 

slightly smaller than those observed for nucleon-nucleus collisions (Table 2 1). 
Thus, this result is evidence for the independent behavior of the nucleons enter- 
ing into the composition of the primary nucleus during the interaction of the latter 
with nuclei of the photoemulsion. According to the data of these same authors, 
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TABLE 31. DEPENDENCE OF AVERAGE MULTIPLICITY 
ON THE PRIMARY NUCLEUS 

Primary 
nucleus 

a 
a 
a 

U 

C. Li .  R .  Mg 
C, Li,  B, Mg 

H 
H 

H 

<nS> 

37k6 
16.4~4 
13*3 

8 

131 *55 

61 
16k4 

- 

- 100 

<nc> 

35k6 
14k4 
11k3 

8 

125k55 

55-60 
16k4 

- 

- 90 

. . --_ 
'No. of 

Event selection /cases 

A 11 
Nh=o; 1 
Nh=o, 1, except for the 

two cases with high- 
est and lowest q 

All, but &e x-particle was 
conserved after inter- 
action 

A 11 

A 11 
A l l ,  but nucleus complete- 1 4 

ly or almost complete- ' 
lv conserved after in- ! 

, 

A l l ,  but nucleus conserved 

&action I 
All, but nucleus complete- , 

ly disintemated into I 

3 

nucleons and fragments 1 

/123 - 

The increase of < n  > with increasing size of the primary nucleus is consid- 

erably greater than with increasing size of the target nucleus for nucleon-nucleus 
collisions. This implies that the observed interactions of primary nuclei belong 
to the nucleus-nucleus type. 

/124 - C 

The change of < nc > with increasing size of the primary nucleus was inves- 

tigated by Coghen et  al., 11231. In all, 11,000 tracks in 104 showers created by 
a-particles and 37 by heavy nuclei were registered. The interactions chosen 
were those in which Nh 2 7, y > 23, and the primary nucleus completely disin- tegrated. C 

In this case < nc >/A = 16. Within the limits of one standard e r ro r  the mag- 

nitude of n was included between 14 and 20 for the a-nuclear collisions and be- 

tween 12 and 20 for the primary heavy nuclei. 
C 

In those cases when only small fragments come out of the nucleus, the ratio 
< n  >/AA, where A A  is the change in charge of the primary nucleus, is determined. 

The average value of this quantity for a primary-particle energy of - 1.3 x 10 
GeV/nucleon was obtained by Abraham et al., [38 1. 
to the rule Nh 5 5 (light nuclei in emulsion), < n  >/AA 2 8.6 f 1.7, and for N > 

C h 
> 5 (bromine and silver nuclei), <nc>/AA 2 17.1 f 1.6. These values are only 

slightly smaller than those observed for nucleon-nucleus collisions (Table 2 1). 
Thus, this result is evidence for the indepsndent behavior of the nucleons enter- 
ing into the composition of the primary nucleus during the interaction of the latter 
with nuclei of the photoemulsion. According to the data  of these same authors, 

3 C 

For events chosen according 
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the quantity <AA/A > reaches 1/2, i. e. , on the average about half of the nucleons 
of the primary nucleus participate in the collision. 

It should be mentioned that the obtained dependence of <nc> on A, in the 
form 

/125 
does not contradict the predictions of the hydrodynamic theory, [18] according to 
which 

<n,> - A n * T s .  (5.10) 

in a collision of identical nuclei. The difference between the exponents in (5.9) 
and (5.10) is not so large that it cannot be explained ‘away on the basis of the meth- 
odology of the experiment (inaccurate determination of AA for high values of A, 
collision of nonidentical nuclei). 

5. Multiplicity __ of Secondary __ Particles in the Collision of Pions 
with Nuclei 

5.1. - -. 

The average value < nc > is the same for pion-nucleon and nucleon-nucleon 
interactions. This conclusion is based on results obtained in accelerators. 

In the region of energy less than 40 GeV, the dependence of <nc> on energy 
of the primary pions can be represented in the form [1301. 

<n,> = 0.95E2*49, 4 < E ,  < 40 GeV. (5.11) 

The number of particles created n for the case of a primary pion was determined 

from the formula nc = n - n 
s P’ 

come relativistic. The magnitude of n was taken as 0.5. In Chapter VI it is 
P 

shown that in many cases the primary pion is ?%onserved” and it is necessary to 
exclude it from nc, since it existed in its initial state. One can expect that the 
number of such pions equals 0.5-0.7 on the average, per interaction. Then 

C 
since at  high energies the recoil proton can be- 

<n,> = 0.95E!“” 0.5. (5.12) 

The dependence obtained differs little from the dependence for nucleon-nucleon 
collisions, and this is also true of the quantity <n  > itself. 

C 
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Identification of the primary particles in cosmic rays is not always suc- 
cessful. Hence, in the study of the interactions of pions at  high energies one 
makes use of the secondary particles arising in nuclear collisions. About 80% 
of these particles are pions; the remainder are K-mesons and others. In all 
these cases the determination of the primary energy is unreliable. Two meth- 
ods are usually employed: the Castagnoli method and the method of the constancy 
of the transverse momentum of,the secondary particles (see Chapter VI). Neither 
of these methods can give good results for the energy of the individual particles. 

As shown in Chapter IX, one frequently observes in the interaction of pions 
cases of anomalously narrow anwlar distribution with a low multiplicity. In 
such cases the energy is overestimated several times, which leads to an increase 
in the contribution of low-energy pions in the region of high measured energies 
and to an underestimation of <nc>. 

Farrow et al. , [91 compare the dependence of < nc > on energy for primary 
pions in those cases when the energy is determined by Castagnoli method or  from 
the emission angle under the condition < p  > = 0 . 4  GeV/s. It was found that in 

the first case <nS> has almost the same value over the entire interval from sev- 

eral GeV to 100 GeV. The second method leads to an increase of <ns> of 3 . 5  

times. The latter result gives average values of <ns> that are  close to the val- 

ues obtained in accelerators, which is evidence of the definite advantages of the 
method of estimating the energy from <p, >. However, measurements with a 

Wilson chamber in a magnetic field [136] have shown that low-energy pions, for 
which p, is several times smaller than the average, are  often emitted at small 

angles . 
It is probable that these effects can explain the observed saturation of the 

multiplicity of secondary shower particles in the energy intervals from 50-5000 
GeV 11471 and 160-1150 GeV [130]. The entire interval lies in the region of un- 
reliable energy measurements. Since the methodology serves to overestimate 
the energy, one might expect that the minimum energy of the considered range 
is distorted the least. Hence the value <ns> = 10.3 f 2 . 0  found in [130] at 160 

GeV seems to be close to the true value. (The corresponding value for nucleons 
< n  > = 9. ) The selection of events in this case was not very rigorous. All 

events with Nh 5 3 were used. 

I 

S 

/127 Koshiba [91] reports a value of < n  > = 12.7 f 0 .9  for collisions of pions - S 
with emulsion nuclei. The energy, estimated from the angular distribution, was 

<E,> =470 - 6 0  GeV. For reasons considered earlier, this energy is overesti- 
mated. 

Gould et al. , [92] investigated the energy dependence of <ns > for secondary 

interactions. The pion energy was determined from formula (6.2).  The multip- 
licity increasesfrom < n  >= 1.3 at <E,> = 2.8 GeV to < n  > = 6.7 at <E,> = 37 GeV. 

S S 
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Earlier, this group had concluded that < ns > was constant in the interaction 

of pions with nuclei in the interval of energies from 50 to 5000 GeV: <n  > = ll.l.t 
.t 0 . 4  E1471. S 

Since all of these results are based on unreliable energy methods, it seems 
premature to make any conclusion about the independence of <n  > on energy in 
the region above 160 GeV. S 

Thus, at energies less than 160 GeV, the depsndence of <n > on energy for 
S 

pions is the same as for nucleons, and the average values < n  >differ little. 
S 

5.2.  Interaction of - pions .~ with nuclei 

The investigation of the interaction of pions with nuclei can throw light on the 
mechanism of the processes which go on inside the nucleus when a nuclear-active 
particle passes through it. 

If during the collision of a particle with a nucleus a cascade of consecutive 
interactions occur within it (intranuclear cascade process), then a marked differ- 
ence in multiplicity in the collision of pions and nucleons with nuclei should be ob- 
served, since the probability of repeated interaction of pions in a nucleus is 1.6 
times less than nucleons (see Chapter IV). The average multiplicities in collision 
of pions and nucleons with nuclei should also be in the same ratio. There are  sev- 
eral papers in which the multiplicity <n > in the interaction of pions and nucleons 
with nuclei is determined. Table 32 gives the results of the measurement of < n  > 
in a photoemulsion at  accelerator energies. The quantity < z> is the ratio of the 
average multiplicities < nc> for the collision of pions and nucleons with nuclei and 
nucleons: 

S 

S 

/ 128 - 
< z  > = multiplicity in a pion-nucleus - interaction; 

multiplicity in a pion-nucleon interaction 7r 

< z  > =--- multiplicity _ _ _  in _. a nucleon-nucleus . -_- interaction, ~ 

mu1 tiplicity in a nucleon-nucleon interaction p 

and nc for the interaction of pions and nucleons with nucleons is calculated from 
the formulas (5.10) and (5.11).  

If one compares the magnitudes of < zT> and < z > for Nh 2 0 or Nh 5 5,  it 
P 

is found that they differ somewhat, and < zT> is less than < z >. From the point 

of view of the model of consecutive collisions, the difference at small energies 
cannot be large. In this region of energy a relatively strong dependence of < n  > 
on Eo is observed, and consequently repeated interactions of a nucleon in a nucleus 

give a small addition to the multiplicity. 

in < z > should diminish, since in heavy nuclei pions, as well as nucleons, can in- 

P 

S 

It should also be considered that in a collision with heavy nuclei the difference 
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TABLE 32. THE MAGNITUDE OF < z) FOR VARIOUS 
TYPES OF. INTERACTION 

particle 

- _  - 
<nc> 

experi- Nh merit inter- 
action 

Type of <nc> for 
,event, C Z >  Refs. N-N \'GeV 

>O 1,9*0,1 2.18 
>,O 4,5*0,1 3,7 

17 >8 6,2*0.4 3,8 

0,87*0,05 [I151 
1.21k0.03 I1151 
1.63*0,15 [I481 

Commas represent decimal points. 

p 

teract rewatedly (see the third and last lines of Table 32, for Nh 2 8). Note that 

the magnitude of <nc> from [148] in the table depends on the assumption that n + = 

ber of positively charged mesons can on the average be less than the number of 

7r 
- - nT- . Because of the conservation of the primary pion (see Chapter VI) the num- 

/I29 
negative ones, and consequently <zn> for Nh 2 8 is overestimated. - 

Thus, in the interaction of pions with nuclei there appears to be a weaker 
dependence of < nc > on A compared to the nucleon-nucleus interaction. This may 
mean that the pion participates less actively in the development of the intranuclear 
cascade than the nucleon. 

6,3 >O 2,9&0,05 2.2 1.32*0,02 [115] 
9 <5 4.75*0,1 2,6 1,82*0,05 [I211 
28 20 6,3*0,1 4.6 1,40*0,07 [I151 
9 >8 5,5*0,3 2,6 2,10;t0,15 11211 

The difference of the average multiplicities for interactions of pions and nu- 
This question cleons with nuclei might show up more clearly at cosmic energies. 

has been investigated by Farrow'et al. ,191 Brisbout et  al. ,C1491 and Gould et al., 
D21. 

Investigating the interactions of secondary particles in emulsions, they 
found a sharp difference in the average multiplicities for pionic and nucleonic 
interactions in the same interval of measured energies: < ns > = 23.6 for nucleons 

with energies of the order of 1000 GeV, and <ns> = 13.6 for secondary particles 

with energies of the order of 600 GeV [147]. In the region of lower measured en- 
ergies 50 < E <300 GeV, the multiplicities equal <n  > = 20.8 and 10.5 respectively 

for nucleons and pions [149]. In the interval from 3 to 35 GeV the cosmic experi- 
ments give results like those in accelerators: < z > = 1.2 % 0.1 for registration 
of stars with Nh 2 0. 

S 

A 

Thus, the difference in <n  > for pions and nucleons at  high energies is ex- 
S 

tremely large. Somewhat different experimental data are reported in [124], the 
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authors of which found that the magnitude of < n  > for secondary interactions is 
the same independently of the presence of charge on the secondary particle pro- 
ducing the shower. If it is considered that among the neutral secondary particles 
neutrons must be present, then this restrlt could indicate an identical multiplicity 
for pionic and nucleonic interactions. In this work, the energy, measured by the 
Castagnoli method, amounted to 160 GeV on the average, and <ns> - 10. This 

magnitude corresponds to the multiplicity of pionic interactions and is half as  
large as <n  > for collisions of nucleons with nuclei [149]. Another pecularity of 
this experiment is the absence of a dependence of < ns > on Nh, i. e., on the size 
of the target nucleus (at least for events with ns r 5 ,  < z >  M 1). 

1921 and 11491, if it is assumed that among the neutral secondary particles the 
majority consists of kaons and they interact the same as pions. 

In 11241, the magnitude < z ,  NN 1 was obtained by a comparison of two 
groups of showers, selected according to the rule N 5 5 and Nh > 5 .  Since both 

groups of events were registered under the same conditions, the conclusion about 
the absence of an increase of < ns > with increase in A in secondary interactions 
does not depend on errors in the energy measurement. 

S 

S 

All these results can be brought into agreement with the conclusions of [91, 
- /130 

h 

All the preceding results have 15-20% statistical certainty. Thus, in the 
collision of mesons with nuclei the multiplicity of secondary particles < n  > de- 
pends weakly on the dimensions of the nuclear targets. S 

Because of the uncertainty in the energy measurements, i t  is difficult to 
compare <n > for interactions evoked by pions and nucleons. It was remarked 

earlier that at high energies the magnitude of <ns> for pions may be underesti- 

mated. Hence the difference in the multiplicity of secondary particles in pionic 
and nucleonic collisions with nuclei is less than the twofold difference registered 
in 191, 1921 and [149]. A ratio of the average multiplicities equal to 2 is difficult 
to explain solely on the basis of the difference of cross sections of pion-nucleon 
and nucleon-nucleon interactions, if this difference remains the same as  it is at 
energies less than 30 GeV. 

S 

6. Distribution .-___-- of. the M-licity 

6.1. Theoretical ___" predictions 

Additional information about the difference between the interactions of 
pions and nucleons can be obtained by studying the distribution of the multiplicity 
about the average value <n  >. 

S 

The hydrodynamical theory of Landau predicts an extremely narrow distri-  
bution of the fluctuations of ns about its average value. The width of this distri- 
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bution depends on a parameter of the theory-the radius of the initial volume. 
The probability of the appearance of a given number of particles Wn(n) (n is the 

total number of newly created particles) obtained by Mur and Rozental [150] is 
distinguished by a very fast decrease in probability as the number of particles 
decreases (by several orders of magnitude for a change in n by a factor of 2). 
The width of the distribution is markedly increased if one considers only charg- 
ed particles. Obviously, it is just this special case that is easiest to compare 
with experiment. 

- /131 

The theoretically expected distribution of n for the case of a nucleon-nu- 

this result with experiment it is necessary 
to obtain a considerable collection of cases 
of nucleon-nucleon interaction at  the speci- 
fied energy. This task has not been com- 
pleted as yet. Hence it is necessary to 
find characteristic features of the theoreti- 
cal distribution which do not require know- 
ledge of the entire curve for checking pur- 
poses. One of these features is the ab- 
sence of showers with small multiplicity. 

The theory predicts that at an energy 
of 1000 GeV there should be practically no 

served in only 5% of the cases. 

S 
cleon interaction at  E - 1000 GeV is shown in Fig. 28. For comparison of 0 

0 i # p q  
Ccl 0 
k 4  
a, 
P 

6 10 74 n5 
$0 
z 2  

Figure 28. Distribution of 
n Expected From Hydro- events with n 5 3, and n 5 6 should be ob- 

dynamic Theory for the Nu- 
cleon-Nucleon Collision at  

Eo - 10 GeV [150]. 

S S S 

3 In experiment it is frequently possible 
to establish a lower limit to the energy of 
the interaction. Using such events it is pos- 

sible to find out whether the theoretically predicted frequency of appearance of 
small values of n is contradicted or  not. Usually in cosmic rays one observes 

nucleon-nucleus interactions. 
ing process, since collisions with th8 complex nucleus lead only to an increase 
inns C1501. 

6.2.  Experimental determination of the distribution of ns 

The mean square deviation from < n  > is large and reaches 0.5 to 0.6 

S 
However, this does not seriously affect the check- 

S 
times c n  >. This problem has been studied sufficiently rigorously only for a 
beam of particles of fixed energy, i. e., in accelerators. However, by virtue of 
the weak growth of <ns> with energy it is possible to investigate flucuations also 

in cosmic rays, using reliable experiments. 

S 

/I32 

In accelerator experiments the mean square deviation cT= 0.6 < n  > for 
S pions and is almost the same value for nucleons. 
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Interactions of pions and nucleons with heavy nuclei (N > 5)  give a wider 

distribution of ns, particularly in the case of primary nucleons with energies of 

28 GeV. At low energies (of the order of 6 GeV) the dispersion in the interaction 
with nuclei increases slightly. This result qualitatively corroborates the con- 
clusions made earlier. 

h 

In the region of high energies, estimates of the fluctuations in ns were 
made by Fowler and Perkins, [151] who determined the magnitude CT (n ) - - <ns>/2. It is true that in this case the mean square deviation cr could have 
been somewhat overestimated on account of the underestimation of the range of 
energies selected by the Castagnoli method. 

P S  

Malhotra 11301 obtained the same result using a similar method (Fig. 29). 
For nucleon-nucleon interactions (Nh I 2) with an energy (Castagnolij in the in- 

terval from 1 to 50 GeV the mean square deviation cr = 1/2 <ns>. In this dis- 

tribution events with ns < 6 are  definitely present in an account greater than 5%. 

Coghen et  al. , [123 J analyzed 175 showers produced by nucleons in a photoemul- 
sion (100-liter pile, selection by electromagnetic cascades). For y > 23 a dis- 

tribution of n for events with various N was obtained (Fig. 30), in which sep- 
S h 

arate maxima, corresponding to < n  > - 16, <ns> - 32, etc. , are noticeable. 

These maxima are  particularly sharp for Nh > 8. If further investigations con- 
firm this result, it will be evidence of the existence of successive collisions of 
the primary nucleon in the target nucleus. In this work cases with ns > 7 were 
chosen, and it was impossible to establish the presence of showers with small n 

6.3 .  On the existence of events with small ns at  high energies 

In all cosmic experiments at  high energies there is a strong discrimination 

P 

S 

S 

S' 

against interactions with small n 

where the search for interactions is carried out in electron-photon cascades or 
in cases of disruption of the primary nuclei, when tracks are  followed. 

The only exceptions are  those investigations 
S' 

In an examination of [146] (search for showers in electron-photon cascades), 

Y S 
we found that for ZE  > 1000 GeV, two out of fifteen cases have n 5 5. 

In the work of Lohrman et  al. , [24] the minimum energy, determined from 
scattering, is close to 100 GeV. Among 52 events, 8 were observed with ns 5 5. 

Finally,Abraham, et al., [38] estimated the energy of primary particles 
3 from nuclear disruption and at  energies 3 10 GeV observed a significant per- 

centage of events with n 5 6 (see Fig. 9). In the family No. 1115 (nucleon energy 

1300 GeV) there are five events with n 5 5 out of 13 cases of collision of nucleons 
S 

S 
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Figure 29. Distribution of the Mulitplicity of 
Charged Particles: 

a-for nucleon-nucleus ; b-for pion-nucleus 
collisions. Solid histogram-results of [ 1301; 

dashed-from 11471. 

with light nuclei (Nh 5 5). Among other families of showers with even higher en- 

ergy observed in this work, the ratio of the number of cases with n I 6 to the 
total number of interactions is S 

The average value of the ratio for all events equals 0 . 4  * 0.15. 
times greater than can be explained by the hydrodynamic theory [150]. Since in 
this case the predictions of theory are  rather specific, it may be concluded that 
at energies - 1000 GeV there exist processes that are distinct from hydrodyn- 
amical ones and that lead to small values of the multiplicity of charged particles. 
Reliable information is practically nonexistent in the region of higher energies. 
Koshiba 1911 presents a case of the interaction of a nucleus with energy 12,000 
GeV (No. 1010). The nucleon fragments of this nucleus engage in eight interac- 
tions with light nuclei, and among them only one has ns = 6 and in the remaining 
cases ns is greater. 

This is many /135 - 

6.4. Distribution of nS in showers of high - energy ~~ produced by primary pions 

Figure 29 shows the distribution of ns for collision of primary and second- 
ary particles with nuclei of an emulsion according to the data of [130] and 11471. 
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It is completely obvious that the distri- 
bution of n in pionic interactions is ap- 

proximately 1 .5  times narrower, i. e., 
u - < n  >/3 C1471 or <ns>/3.4 [130]. 

It should, however, be kept in 
mind that secondary showers (assum- 
ing that they are  produced by pions) 
pertain to smaller energies than pri- 
mary ones. Malhotra finds that the av- 
erage energies of primary and second- 
ary showers in the laboratory coordi- 
nate system differ by a factor of 15 ( y s  
by 2.4). 

S 

IT S 

0 

It was noted earlier that the aver- 
age values <ns> for pion and nucleon 
events evidently do not differ very much. 
The difference in the mean square de- 

fact that in a given case nucleon- and 
- a 

70 20 3u 40 50 60 70 0, 
viations is probably explained by the 

pion-nucleus interactions are consider- 
igure 30. Distribution of ns for ed. If nucleons form better developed - - 
vents with y S  > 23 and Various N ~ :  cascades in the nucleus, then the mul- 

tiplicity in such cascade cases is en- 
hanced, [147] and the distribution will 
be wider than for pions. In the region 
of energies attainable in accelerators, 
this effect should be less pronounced, 
‘since the dependence of n on energy is 

A’,,>s (3 cases); b-s,< 3 ( i i i  cases); 
C -:v I. >s+ ,v,, < 5 ( l i s  cases). 

S 
ctremely sharp, and the growth of n as a result of repeated collisions is weaker. 
he calculation of the intranuclear cascade process carried out by Artykov et al., 
521 allowing for the experimental dependence n (Eo) and the difference in cross 

xtions of n-p and p-p collisions shows that at  energies in the tens of GeV such 
model agrees with experiment. 

S 
/I36 

S 

All of this inevitably leads us to the conclusion that the average value < n  > 
-r primary pions in collision with nuclei should be less than in nucleon-nucleus 
Illisions (at least, in collisions with average-sized nuclei), which corroborates 
e results of Section 5. 

S 

5. Distribution of n in the collision of nuclei ---- with nuclei 

The distribution of n for the collision of primary nuclei with nuclei is wid- 
S- 

S 

* than for nucleon-nucleus collisions. 
lr collisions of CY-particles with nuclei [153]. This distribution has a halfwidth 

~ < n  > 
z s -  

Figure 31 shows the distribution of ns 

The smooth curve indicates the expected distribution for the case 
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when on the average two nucleons simultaneously, but independently, interact. 
Thus, as a rule, more than one nucleon of the primary nucleus participates in 
the collision, which agrees with the conclusions of Section 4. 

7. Nature of the Secondary Particles -- 

7.1. F n o n s ,  kaons, and hyperons in showers 

/37 - 

At all investigated energies, 7~ -mesons are more frequently produced than 
other particles. This conclusion was reached quite some time ago. The survey 

of Perkins [57] analyzed the results 
obtained up to 1958. It was found 
that the ratio of the number of 
charged pions to the total number 
of charged particles in a shower 
equals 0.82 f 0.05. 

Only in rare  cases is the in- 
vestigation of the nature of second- 
aries in high-energy showers made 
possible by direct measurement of 
the mass of the secondary particles. 
In the majority of cases such meas- 
urements a re  applied only to parti- 
cles of the wide cone. U 4 8 72 76 20 24 nj 

Kim [1541 investigated 22 
cases of the interaction of cosmic Figure 31. Distribution of n for Colli- 

S 

sion of @-Particles With Nuclei of Photo- 
emulsion. 

particles (principally protons) with 
light nuclei of an emulsion (Nh 5 2). 

The energy of the primaries was 

measured by the Castagnoli method and, evidently, amounted to - 10 GeV on the 
average. By the method of comparison of multiple scattering and ionization he 
succeeded in determining the masses of 82 particles. Table 33 presents the mass 
distribution of the measured particles, their emission angles, and the average 
moments in the symmetric coordinate system. 

3 

From Table 33 it is possible to determine the probability of formation of 
strange particles and the ratio of the number of kaons and pions at  high energy. 
If it is assumed that in the given experiment nucleon-nucleon interactions are 
observed, then the number of kaons emitted forward and backward ought to be 
the same. 
ber of hyperons is close to 0.1. The ratio of the number of kaons to the num- 

ber of pions P and to the total quantity of mesons Q 
from Table 33; 

- /138 

Hence the number of kaons per interaction is about 1.6, and the num- 

5 rt 
also can be estimated 
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If these relations hold also for the unidenfied particles, then this is one 
of the few valid results at high energies, since the nature of the particles was 

determined directly from meas- 
urements of their masses. 

TABLE 33. SECONDARY PARTICLES, 
THEIR MOMENTA, AND EMISSION 

ANGLES 

Secondary 
par ticles 

. ~ ~. 

7 7.4 
9 13.7 

1 
10 27 - 

27 I - -  

.~ 
I 

TABLE 34. 

NELS OF FORMATION OF KAONS IN mb. 

PARTIAL CROSS SECTION OF 
T--P COLLISION FOR DIFFERENT CHAN- 

Reaction .- 

channel ,,, I __ 
Energy, GeV 

7-8 I 10.0 I 16.0 
- _______ 

Commas represent decimal points. 

The results given in Table 
33 definitely indicate that the ra- 
tio P depends significantly on the 
emission angle of the particles. 
Heavy particles are  emitted pri- 
marily at small angles. For the 
interval of angles 175-180", P - - 1, whereas for smaller angles 
(175-90"), P - 0.2. Only in 5% 
of the cases is a kaon created in 
company with a hyperon. The 
situation is different a t  energies 
less than 30 GeV. In the interac- 
tion of pions with energy from 6 
to 16 GeV, the probability of for- 
mation of kaons together with an- 
tiparticles or  with hyperons a re  
comparable. In work with arti- 
ficially accelerated particles the 
frequencies of different reaction 
channels are  expressed in the 
form of partial cross sections 
normalized to the total interac- 
tioncross section. Table 34 gives - 
the cross sections for the chan- 
nels of the following reactions 
[155]: 

/139 

- 
7~ + P -+ K + Y + pions; 

x- + P + K +  R+ pions. 

For the p-p interaction with energy 24 GeV [156] the partial cross section of the 
channel KY equals 3.1 f 0.3 mb. In order to compare this experiment with cos- 
mic ray experiments, we compute the number of hyperons per inelastic interac- 
tion. 
ed and neutral. 

This number is n(Y) = 0.1 f 0.01. This includes all hyperons, both charg- 

In Kim's experiments [154] the same value is obtained for charged hyperons, 
if one takes the collision to be symmetric. However, the statistical accuracy is 
insufficient to make any kind of conclusion. A more definite comparison can be 
made with respect to kaons. 

Table 35 gives the results of the determination of the number of particles 
of different kind in showers created by protons. 
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TABLE 35. AVERAGE NUMBER OF PARTICLES O F  
DIFFERENT KIND IN SHOWERS FROM PRIMARY 

PROTONS AND PIONS 
- ______ - .. -~ 

Energy of p-p interaction, GeV 

3.59 f 0.20 
2 ,4150 ,15  

2,24 f O , 1 4  
0 ,1740, lO 

0,076 
0,07 

1,18*0,10 

4.07f0.20 
2.83 *O. 29 
1.24 *o, 04 
2 ,5370 .19  
0.3OkO. 06 

0.12 
0,lO 

I 
' 12,o 

11.0 
1 .o 
8 . 3  
2.7 
0,32 
0.25 

3.6 
3.4 
0.15 
3.5 
0.13 
0.It-l 
0.04 

*It was assumed that the ratio of pions and kaons 
among the undentified particles was the same as for the 
identified ones. 

Commas represent decimal points. 

According to the data of Slavatinskiy et al., [1571 the fraction of strange par- 
ticles does not exceed 6% at 200 GeV. In the last column are given the results 
for T-p interactions at 16 GeV. From this table it follows that the fraction of ka- 
ons grows significantly from 10 to 1000 GeV. 

Analyses of the nature of secondary particles with velocities in the interval /14 
0.34 < p e 0 .7  were carried out by Hoffman et a!. , [1481 and Garbovska [158]. 
The particles producing showers in this case were pions with energy 17 GeV and 
protons with energy 24 GeV, and the heavy nuclei of a photoemulsion served as 
the target. The results, from which i t  follows that kaons and hyperons are rela- 
tively rarely emitted with velocities in this interval, a re  presented in Table 36. 

7.2. Various methods of determination of the ~. fraction of kaons 

We now consider other methods of determining the fraction of kaons. At 
not very high energies a widely applied method is the comparison of the number 

of 7r -mesons, found by counting the electron-positron pairs, with n Since the 

average number of nucleons among the secondary relativistic particles is consid- 
erably smaller than the number of kaons and pions (see Section 7.1. ), we have 
the ratio 

0 
' s' 

If n 0 = l/2nf, i t  is easy to determine the ratio of the number of charged kaons 

to the total number of charged newly created particles 

- /141 
7r 

f 
Q = nKJn f +- nnf = 1-2R. K 
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The ratio R, averaged over many data 1571, [1611, [162] is 0.41 f 0.03. Conse- 

quently, Q = 0.20 f 0.06. 
f 

5 This result pertains to energies of lo3-lo GeV. Allowing for the prob- 
able overestimation of the energy in these cases, * we shall assume that it is valid, 

with 

TABLE 36. IDENTIFICATION OF SECOND- 
ARY PARTICLES WITH VELOCITIES 

0.34 < P < 0.7 

with 
energy 

__-  ---  

1 No. of particles ' per interaction 1- 

energy 
i7GeV i 24  GeV Cl58l 

Pions 0,6&0.2 
Kaons 0,3*0,1 

Protons 3.0*0,4 
Deuterons and tritons 1,0_,0,2 

Hyperons O,, l f0 .1  

L- - - ~ _ _ _ _  
I 

0,3*0,1 
0,1&0.1 

3.7&0,5 
1,0&0,4 

- 

Total. . . . . . . . . 5,OkO,6 5,1*0,6 I i  
Commas represent decimal points. 

at least, to < E  > - lo3  GeV. 0 

Data for high and low en- 
ergies are compared in Table 37. 
It follows from this table that the 
fraction of charged kaons Q* at 
low energies rather rapidly rises 
and then remains almost constant 
over a wide energy interval to 
Eo >, 10 GeV. 

The observation of second- 
ary interactions in a photoemul- 
sion also gives the possibility of 
estimating the fraction of kaons 
among the secondary particles. 
This time we define the quantity 

3 

(5.13) NQ QO = - 
Nk 

TABLE 37. DEPENDENCE OF Q* AND Qo ON ENERGY 

2 
9 

14 
25 

10s 
103 

I 
Type qf 1 Q' 1 Q" ' Refs. interaction 

- 
0.01 I 0.07 

0.13 

P - P  
P-P 
P - P  
p-AI 

p-.n-. a-Emulsion nucleus 
P-, a-Emulsion nucleus 

0.33 A0 .1u 
I), 22 - z I) .os 

163 
154 

Commas represent decimal points. 

0 z t  
Here  N and N a re  the number of interactions of high energy created by neutral 
and charged secondary particles, respectively. Among the secondary neutral 
particles we have kaons and baryons (principally neutrons), and among the charged 

_ _  --________--3-- ~ - 
*The energy was determined by the Castagnoli method. 
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secondary particles we have kaons, pions, and baryons (protons). If the number 
of protons n and neutrons n is not large, then 

/142 

P n 

(5.14) 

Usually, however, one allows for the contribution of nucleons, assuming that the 
overcharge coefficient q 0.5 and N = N = 0.5. Consequently, 

~n 

(5.15) 

This quantity can be .measured not only in photoemulsions, but also in Wilson 
0 chambers. In the latter case, about half of the K mesons decay without provid- 

0 ing any secondary interactions. Hence the ratio Q measured in a Wilson cham- 

ber Qo is smaller than that measured in photoemulsions: wc 
(?kc = 0.16 f 0.07 <E,> - 100 GeV[162]; 

Q tm = 0,22 _t 0.02 E, > I O 3 +  104GeV[45, 57,64,91, 1241. 

Thus the number of secondary charged and neutral kaons is the same. Over a 
wide energy interval the total fraction of kaons with respect to all particles pro- 
duced is 

--- nK - 0.25 & 0.03. 'nK 
nc n,- 1 
-- 

To estimate the fraction of kaons among particles with energy higher than 
specified for very high primary energies indirect methods have been employed, 
based on a comparison of the observed intensity of photons and muons with that 
calculated on the basis of some fraction of kaons or other [165]. As a result the 

authors arrived at the conclusion that up to 2 x 10 GeV the fraction of kaons does 
not exceed 40%. This conclusion is strengthened if it is realized that kaons have 
on the average a higher energy than pions (see Chapter VI), and the role of kaons 
at  an energy higher than that given will be even lass (Chapter XII, Section 5). 

4 

/143 7.3. Other information about processes of formation of secondary particles 

In the literature there is little information about the dependence of the cross 
section for the formation of kaons on A, as well as  about the creation of nucleon- 
antinucleon pairs at high energies. 

Bowen et al., [166] as well as Apishev et al. , [167] investigated the cross 
section for the generation of "strangeff particles in the collision of pions and pro- 
tons with nuclei. At 1.5 and 2.8 GeV/s, as well as  in cosmic rays, the cross 

section for generation of strange particles varies as A 2/3 . 
114 
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Several years before Peter [168] had proposed the hypothesis that in the re- 
gion of high energies the most energetic particle is the hyperon. On the basis of 

this hypothesis he was able to ex- 
plain a number of characteristics 

TABLE 38. FRACTION OF HEAVY of the atmospheric radiation. How- 
PARTICLES AT VARIOUS DISPER- ever, the positive excess of muons 

SION TEMPERATURES OF THE in the high-energy region contra- 
SYSTEM dicts this hypothesis [169]. 

-. ~ . -  

1 0,23 
1.5 0.43 

0.57 2 
3 0.73 

As far 9s the generation of 
antinucleons in cosmic rays is 
concerned, it is known only that 

0.06 - gion of energies attained in accel- 
0.27 0.13 erators, the fraction of antinucle- 0.56 0.33 
1.04 0.78 ons does not exceed a few tenths 

of a percent. 

The features of the generation of heavy particles have been compared with theory 
more than once. Belenkiy [170] pointed out that the hydrodynamical theory de- 
cribes the basic features of this process well (for kT - mnc ). The fraction of 

particles of different mass arising in collisions of the hydrodynamic type is de- 
termined, on the one hand, by the statistical weight of the various states, and, 
on the other, by the dispersion temperature of the system (Table 38). 

2 

In certain papers it is assumed that the dispersal of the excited agglomer- 
ate (fireball) in the multicenter model should also be treated statistically or hy- 
drodynamically [142]. 
to the fireball model. 

Then the results presented in the table are also applicable 
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CHAPTER 6 

ENERGY SPECTRA OF SECONDARY PARTICLES 

1. Methods of Measuring the Energy of Secondary -~ Charged Particles -_ 

1.1. Photoemulsions 

The most accurate method is the determination of pP from multiple scatter- 
ing in photoemulsions. The applicability of this well known method at  high ener- 
gies is limited by the necessity of having long tracks. As is known, [45, 166, 1671 
the quantity 

where p and /3 are the momentum and velocity of the particle; Z is its charge; t 
is the length of the cell in which the scattering is measured; <a > is the average 

angle of multiple scattering; k is the scattering constant, almost independent of 

the length of cell t and the particle velocity, but different for different substances. 

In photoemulsions ko = 25-30 MeV-ded(100 pm)1/2. If we go to a standard cell 

(t = 100 pm), a 100 = aJ10/t1’2), and 

t 

0 

For small values of P, the quantity pP is equal to twice the energy, and for large 
values ( P  - l), to the momentum. 

The er rors  of the method come from statistical e r ror  and noise, and the 

limiting measurable momentum increases with cell length like t3l2. Hence it 
is desirable to have a large cell length for the measurement. But if the track 
length is small, then the statistical accuracy is reduced as the cell becomes 
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larger. In favorable cases it is possible to measure momenta to several tens of 
GeV/c by this method. 

This limit can be exceeded when two or more particles produced in one in- 
teraction move very close to one another and in almost parallel paths. Then one 
measures the relative scattering of two particles, which significantly decreases 
the role of distortion and various kinds of noise and makes it possible the raise 
the limit of measureable energies. 

Lohrman et al., [24] determined the energy of the disintegration products 
of multi-charged nuclei by relative scattering at energies in the hundreds and 
even thousands of GeV. The measurement in the case of fragmentation is facili- 
tated by the fact that the measured particles have close to the same momenta 
(see Chapter V). The average angle of relative scattering (in degrees per 100 
pm) is obviously made up of the scattering angles of the two particles in question: 

The energies of pions produced in a shower differ very greatly. Hence, to 
carry out the measurements it is necessary to choose the most energetic pionand 
assume its track is rectilinear. The scattering of the remaining particles is meas- 
ured relative to the fastest pion, the energy of which cannot be measured in this 
case. The method of multiple scattering is applied mainly to measure the momen- 
tum of the particles of the external cone which are emitted backwards in the C sys- 
tem and have less energy in the laboratory system. 

Thus, in interactions with energy greater than 100 GeV it is only rarely pos- 
sible to measure the energy of all secondary particles. As a rule, the energies 
of the several particles of the inner (narrow) cone that are emitted in the forward 
direction remain unmeasureable. 

Most widely used is the p, method, which is based on the experimental fact 

that in the first approximation the average transverse momentum of secondary 
pions is independent of the emission angle of the particle and the energy of the 
primary (see Chapter VII). 

In this case the energy of a particle emitted at  angle 8. is. 
1 

The errors in determining E come from the following sources: 

a. In individual cases p, has a broad distribution about the average, which 
leads to considerable errors in the magnitude of E8; 

b. < p  > is different for particles of different mass; 

c. c p  > slowly increases with energy; 
I 
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d. < p  > is evidently reduced at  very small angles; 

e. < p, > may be different for collisions of different type (e. g. , in periph- 
I 

eral and central). 

The merit of this method is its simplicity. 

Sometimes the problem arises of determining the average energy of the 
secondary particles <Eo> in interactions of a specific type. Then 

n 2 < P I >  c csc 0, 
.- i= I <EO > = --- 

n 
(6 .3)  

Since n and 8. can be measured rather well, the principal error  in determining 

< E8> is associated with the assumption about the constancy of < p, >. 

majority of cases the energy of the primary is known (at least in order of mag- 
nitude). This makes it possible to allow for the change of < p  > with energy. 

1 

The error  arising from the third source (c) can be reduced, since in the 

I 

If the angular distribution of kaons and pions is the same, the error due to 
the difference in <pi > for two types of particles is not large, since the fraction 

of kaons does not exceed 25% (see Chapter V). 

The situation is worsened somewhat if kaons and pions are  distributed dif- 
ferently [154, 1601. 

The biggest error  should arise due to particles emitted at low angles, which 
Among them are  particles with very give the principal contribution to Zcosec.. 

small p,. For example, in [136], in a Wilson chamber with magnetic field and 

in showers with energies in the hundreds of GeV, particles are encountered which 
are emitted at angles in the neighborhood of 1" with momenta that are  ten times 
smaller than predicted by formula (6 .2) .  In cases of showers with no particles 
at very small angles, Eq. (6 .3)  gives a rather good approximation. In two-thirds 
of the cases a deviation of less than 1 . 5  times is observed, and in the remainder 
the deviation does not exceed a factor of 2 [SI. 

1 

In emulsion piles of sufficiently large size it is sometimes possible to track 
the secondary particles up to their interaction. Then i t  is possible to use the 
Castagnoli method to determine the energy of high-energy secondaries. Since the 
spectrum of the secondary particles has a drop-off, this method leads to an over- 
estimation of the average energy (see Chapter I and [8]). 

1.2.  Wilson chamber 

The application of magnetic fields in emulsion work has become possible as 
the result of the realization of supermagnets. 
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Pulsed magnetic fields of intensity up to 200 kG permit the measurement 
of momentum up to 20 GeV/c with an accuracy of up to 15-20% [148, 158, 1711. 
Such experiments are still only possible in accelerators due to the pulsed nature 
of the magnetic field and the small volume in which it is established. Under these 
conditions it is possible to measure all the secondary charged particles. The 
problem of realizing supermagnets (based on superconducting materials) for cos- 
mic investigations is an urgent one. For the present we have to be satisfied with 
moderate magnetic fields ( - 10 kG) with Wilson chambers. 
urable momentum is then the same as in accelerator experiments, i. e. , 20-30 
GeV/c in the best case [172]. At the present time, events investigated in cosmic 
rays are  at  energies of 100 GeV, and a considerable number of the fastest secon- 
ary particles a re  unmeasurable. In [136], where the limiting measurable momen- 
tum reached 12 GeV/c, the energy of about 10% of the particles remained unknowned. 

Thus, at cosmic energies it is impossible in many cases to obtain complete 

The maximum meas- 

information about the momenta of the secondary particles. 

2. Determination of Photon Energy 

2.1.  Determination of photon . -  energy from the number of particles in a circle of 
a certain size 

A convenient method for the measurement of the energy of individual pho- 
tons and electrons was proposed by Pinkau [173]. In this method one uses the 
dependence of the number of electrons N found in a circle of radius R about the 
shower axis at  a specified distance from the point where the primary photon ap- 
pears, on the product ER (if R << to, where t is the length of the cascade unit). 

A calculation of the function N(< R) = f(ER, t) was made by Nishimura and 
Kidd [146] for photoemulsions and by Fowler et al., 11741 for e-mission chambers 
with alternate layers of heavy material. 
given by Buya et  al., [1751. 

0 

The corresponding curves for lead are 

In practice, the determination of photon energy reduces to counting the 
number of electrons included in a circle of radius R at a depth t and comparing 
the number obtained with theoretical curves. 

Fowler et al., [174] compared theoretical and experimental results. The 
energy of the primary electrons was determined by the method of multiple scat- 
tering or  from the emission angle of photons from the decay of 7~ -mesons. Min- 
ikawa et  al., [176] compared the emission angles of photons from the decay of 
TO-mesons, calculated from measurement of the cascade energies, with those 
observed experimentally. In three cases studied, the calculated and measured 
angles differed by less than a factor of 2. 

0 

This same method can also be used at high energies, when the density of 
darkening is high and counting of individual particles impossible. Usually in 
these cases one used a calibrated photometer [177]. The accuracy of these 
methods to determine photon energy is close to 30% [178]. 

119 



Sometimes, in the case of extremely high density in the center, one proceeds 
differently: he measures the number of electrons in a ring included between radii 
R1 and %, which are  chosen such that indivudual tracks can be resolved in a 

given distance 178 1. The results obtained are compared with calculations for 
the function 

It should, however, be realized that the majority of calculations completed 
in the so-called stem approximation pertains to distances R<<to. Pinkau [ 1731 
estimated the distances a t  which this approximation is valid and found that in 
the case of emulsion cameras with to-6 mm (tin -t emulsion), the stem approxi- 
mation is valid up to 200 p m  at 5 t-units and at  energies - 100 Gev, and at lo4  
GeV deviation can already occur at 25 pm. 

At a depth of 10 t-units this approximation can be used out to 600 pm at 
100 GeV and 200 pm at 104 GeV. 

2.2. Determination of photon energy from the number of particles at the maxi- 
mum of the electromametic cascade 

Another widely used method of estimating the photon energy in a shower is 
based on the determination of the number of electrons at  the cascade maximum: 

Calculations of the number of particles at  the maximum based on cascade theory 
were made not long ago by the moment method in work by Ivanenko et al. [1791. 
To measure the total number of particles in a cascade in photoemulsions is dif- 
ficult, since a considerable number of electrons a re  found at large distances 
from the axis, where there is a strong background effect. 

2.3. Determination of photon energy from the emission angles ~~ of electron-position - 

pairs 

The energy of the components of an electron-position pair can be found by the 
multiple scattering method. In the region of energies less than 1 GeV, the accuracy 
of the method is greater than 30%. At higher energies, the relative scattering 
method is used, if the distance between the tracks is less than 20 pm. Good re- 
sults a re  obtained up to 40  GeV [ 1801. 
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The photon energy can be estimated from the opening angle of the electron- 
positron pair. If the energy is divided equally between the electron and positron, 
then the most probable opening angle of the pair is [ 1811 

(6.4) 

In the case of unequal division of energy, one puts a factor, not very different 
from unity, in the formula. The average value of the photon energy is 

Friedlbder [ 1821 proposed the use of the projection CF of the angle instead, 
To check this possibility be measured the energy of 100 photons produced from 
photons with energies of 7.3 and 9 GeV from the scattering of the pair com- 
ponents as  well a s  from the formula 

where the experimentally. determined quantity K = 1.64 L 0.29. 

The quantity log k has a Gaussian distribution with average value 0.091 and 
mean square deviation of 0.37. 

The energy spectra of photons measured by this method were found to be 
close to the t rue  ones (measured by scattering). 

At photon energies 3 lo3 GeV the emission angles of the pair components 
o < rad, and it is practically impossible to measure them. The distance 
between the particles becomes so small that the effect mentioned by Chudakov 
183 1 comes in, wherby there is a reduction in ionization in those portions of 

the path of the pair in which the distance between the electron and positron is 
less than the radius of interaction. Then the electric field of the two unlike 
charges diminishes with distance faster than the field of a single charge. A s  a 
consequence of the gradual divergence of the pair components the ionization 
tends to its limiting value, i. e. , to two-fold ionization. 

/151 - 

The growth of ionization with distance from the point of appearance of the 
pair was calculated by Chudakov [ 1831. It is given in Fig. 32 for several 
opening angles w .  The angles w are  connected with the photon energy by (6.4). 
By studying in an experiment the dependence of ionization on distance from the 
point of creation of the pair, it is possible in principle to estimate the photon 
energy. 
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Figure 32. Dependence of Ionization 
Produced by Pair Components on the 
Distance to the Point of Pair Formation 
for Different Opening Angles 1831. 

2 .4 .  Determination of total photon e n e r m  

When it is sufficient to know the total energy of all photons produced, the 
measurement is more conveniently carried out with ionization chambers , which 
give the possibility of determining the number of electrons at the cascade maxi- 
mum. In this it is necessary to have several series of ionization chambers, 
since the energy spectrum of photons in nuclear interactions fluctuates from 
case to case and the position of the maximum is shifted. Usually in such mea- 
surements lead is used as  a photon converter, since it has a short t-unit and 
relatively long path length of nuclear interactions. This reduces the probability 
of secondary interactions in the filters and thereby reduces the contribution to 
the photon ehergy from secondary cascades. 

Ionization chambers a re  usually made of steel o r  brass, which leads to the 
appearance of a transition effect from lead in the chamber material. The mag- 
nitude of this effect can be calculated theoretically [481 (Fig. 33). In the mea- 
surement of the total number of particles it is necessary to introduce the appropri- 
ate corrections. In principle, one can make chambers from lead and in this way 
eliminate this transition effect. However, in this case the role of strongly ionizing 
particles - the products of nuclear fragmentations-sharply increases, and this 
will cause an overestimation of the photon energy. In chambers of steel o r  brass 
nuclear fragmentations which give a significant contribution to ionization a re  ob- 
served in 15% of the cases. Sometimes nuclear fragmentations imitate photon 
cascades with an energy of 100 GeV. With a primary particle energy of 300 GeV 
the contribution of strongly ionizing particles to the measured ionization reaches 
10-2096 on the average. 
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- 
tion effect, it is possible to get rid of 
strongly ionizing particles completely, if 
Cherenkov counters a re  used instead of 

2.5. . Method _ _  . . of - . controlled - - . . emulsions 

The method of controlled emulsions WLJ suggested by Grigorov et al. [1841 
It gives the possibility of utilizing the merits of both photoemulsions and elec- 
tronic methods. The practical realization of this idea consists of the following 
(see Fig. 15, c). 

Three of four layers of photoemulsion are placed under lead absorbers 
having a thickness of several t-units. Below are  arranged two rows of ioniza- 
tion chambers o r  an ionization calorimeter. Registration of pulses in the ioni- 
zation chambers permits selection of events of the required energy and finding, 
from the arrangement of triggered chambers, the place in the emulsion where 
a given cascade has transpired. The photoemulsion makes it possible to deter- 
mine the energy of the individual photons in the cascade, i f  the shower origi- 
nates in a special target above the apparatus located at such a distance from 
the photoplates that the individual photons a re  able to diverge over a sufficient 
distance. The energy of the photons is determined by the methods explained in 
Sections 2.1 and 2.2. 

This method not only facilitates the search for events of high energy, but 
with the aid of chambers gives the possibility of controlling the determination 
of energy in the photoemulsion. Obviously, the ionization counters in this case 
measure the total energy of all photons. The use of a calorimeter permits deter- 
mination of the energy of the primary particle. 

Detection of a primary photon by use of photoemulsions is possible only 
when its energy exceeds 50-100 GeV. Figure 34 is a sketch of a shower found 
by the controlled photoemulsion method [ 1841. /154 

Photons of high energy a re  most effectively registered; however, as the 
energy increases there is a danger that the cascades from individual photons 
will begin to overlap. Secondary interactions of nuclear-active particles in the 
lead covering the photoemulsions can also create some difficulty. 

shower to within several centimeters. In order to increase this precision, one 
Ionization chambers permit the determination of the point of occurrence of a 
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Figure 34. Sketch of a Shower Registered by the 
Method of Controlled Photoemulsions [ 184 I . Three 
Stems of Electron-Photon Cascades are  Distinctly 

Visible. 

can use x-ray plates below the photoplates [ 1851. Electron-photon showers 
leave smeared spots in x-ray film. The coincidence of spots in two plates 
separated by a layer of material serves as a sufficient guarantee that the spots 
were not accidental. 

The method of controlled photoemulsions possesses a sigmficant advantage - /155 
over other photoemulsion methods, since it gives the possibility of measuring 
the energy of the primary particle with an ionization calorimeter. 

2 . 6 .  Emulsion chambers 

Recently, the emulsion chamber method, 1176, 178, 186, 1871 proposed by 
Kaplon et al. , [ 1881 has received wide application. Typical examples of this 
type of apparatus a re  shown in Fig. 35. A target, in which the nuclear inter- 
actions are produced, and a detector, made up of emulsion layers with metal 
plates of lead, tungsten, o r  tin between them, a re  the basic elements. The 
energy of the photons creating cascades in the detector is determined by the 
methods set forth in Sections 2 . 1  and 2.2.  To facilitate the search for showers, 
x-ray films are frequently employed in addition to the emulsions. With the aid 
of this method, investigations of photons have been carried out a t  very different 
heights-from mountains to the limits of the atmosphere [ 176, 177, 1871 etc. 

- /156 
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a 

Figure 35. Typical Constructions of 
Emulsion Chambers : 

a-for Investigations Close to the Limits of 
the Atmosphere; b-for Investigations on 
Mountains: 1-Nuclear Photoemulsions; 
2-X-ray Plates; c-Pattern of the Passage 
of a Family of Electron-Nuclear Cascades 
Through the Emulsion Chamber Shown in b. 
The Numbers Near the Cascades Give Their 
Energy in TeV. On the Vertical Axis-Lead 

Thickness in Number of t-Units. . 

3. Energy Spectra _. of Secondary . Particles in the Laboratory 
Coordinate System 

3.1. Introduction 

The energy spectra of secondary particles in the L system, even in the 
first  approximation, cannot be considered without allowing for the distribution 
of the cosmic radiation with respect to energy. There are  two approaches. 

First, one can study the energy spectrum of secondary particles averaged 
over the entire spectrum of the primaries. This approach does not require 
knowledge of the energy of the primary particles, but it gives only indirect 
information about the elementary act of interaction. 

Second, one can study the energy distribution of pions, kaons, nucleons, 
and other particles formed at  a specific energy of a primary particle of known 
nature. The latter problem is methodologically more complex, but gives direct 
information about the elementary act. The features of the energy spectra, such 
as the presence of secondary particles comparable in energy with the primaries, 
their nature, the form of the spectrum and its dependence on the nature of the 
primary particle, give material for the comparison with various theories and 
models of multiple production. 
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Reliable information about the spectra of secondary particles in the act of 
generation is supplied principally by accelerators. At cosmic energies one is 
able to measure only certain sections of the spectrum. The high-energy por- 
tion is determined from photon families, the low-energy from charged pions. 
Nevertheless, the principal features of the energy distribution can be obtained 
even in cosmic rays, in spite of the limitations of the methods of measuring 
energy. 

/157 3.2.  Spectra of secondary pions in the interaction ~ ~- of nucleons - 
The energy spectra of secondary particles in the interaction of nucleons with 

nucleons and nuclei can be approximated by an exponential law. This fact was 
first  established by Cocconi et al [ 1891. To approximate the energy spectrum 
in the L system they proposed the following formula: 

where T is the average energy in the laboratory coordinate system, and 
I 
2 

PO= -<<,->=0.18 GeV/c. At Eo = 30 GeV, T = 3 . 7 5  GeV = 0.124 Eo GeV. 

Equation (6 .6)  easily reduces to a form that does not depend explicity on the 
primary energy E 0' 

N @) d p  = Ae-"lUo du , (6 .7)  

in the region of momenta p 2 ~ p ;  . Then u = pc/E, and u = T/EO turns out to 
equal -0.124. 0 

At the present time there is a considerable amount of effort devoted to the 
study of the form of the energy spectrum in the L system. We shall examine 
certain of these results obtained in accelerators a t  rather high energies. 

In the work of De Marko Trabucco et al. 1901 interactions of protons of 
energy about 25 GeV were studied in a hydrogen bubble chamber. These authors 
investigated the energy spectrum of secondary pions, kaons, and hyperons. In 
Fig. 36 the spectrum of pions from this work is compared with the spectrum from 
the work of Garbovska et al. [I581 on the interaction of 24-GeV protons with 
heavy nuclei of an emulsion. In the same figure is plotted the energy spectrum 

of TO -mesons arising in the action of 9-GeV protons [ 1911. In the latter work, 
done by Friedlander et al. , photons were selected with emission angles ~ 5 " .  
The spectra are  plotted in semi-logarithmic coordinates and for convenience 
have been reduced to the form (6.7). Cocconifs spectrum (6.6) is plotted in 
the same figure (curve 4). 
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It is seen from Fig. 36 that the integrated 
spectra of pions created in the interaction of 
primary protons a re  approximated by an ex- 
ponential. The difference in spectra 1 and 2 
is evidently due to the use of different targets. 
Spectrum 1, from the interaction of protons with 
heavy nuclei, is softer than spectrum 2 for 
proton-proton collisions. The spectrum of 

T -mesons 3 was obtained on averaged-sized 
nuclei of the photoemulsion. However, in 
this case, the spectrum of no-mesons was 
determined at very small angles, i. e. , the 
most energetic no-mesons were selected. It 
is completely natural that the spectrum of these 
particles should turn out to be harder than that 
of the others. The magnitudes of u are  equal 

0 

0 
respectively to 0.05, 0.07, and 0.08 for spectra 
1, 2, and3. 

Figure 36. Integral 
Energy Spectra of Pions 
Formed by Protons in 

Inter action: 
1-With Heavy Nuclei of 
the Photoemulsion; 2-With 
Hydrogen Nuclei [ 1901 ; 
3-Spectrum of go-Mesons 
Emitted at an Angle Less 
Than 5O; 4-Cocconi Spec- 

trum (Eq. (6.7)). 

Thus, the energy spectrum of pions softens 
in going from nucleon-nucleon to nucleon-nucleus 
collisions and becomes harder when the particles 
selected a re  emitted at small angles. 

The last result is also confirmed in other 
work. Dekkers et al. [1921 observed a very 
strong dependence of the energy spectrum of 
pions on emission angle in the interval from 
0 to 5.7O. 

Fidecaro et al. [1931 studied the spectrum /159 - 
of photons emitted at  various angles in the L 

system after the collision of a proton with energy 23.1 GeV with a beryllium 
target. The spectra obtained can be approximated by (6.7) with uo = 0.1  for 
angles 1.75 and 3' and 0.06 for an angle of 6'. In a proton-proton collision, 
u is close to 0.1 for 0 = 1.75O, but uo = 0.04 at loo  and 0.02 at  2 7 O .  * 

spectrum of pions produced in proton-proton o r  proton-nucleus collisions. 

0 

Thus, numerous data indicate the exponential character of the integral 

3.3. Spectrum of secondary protons of high energy 

The spectrum of protons is harder than that of pions. In Fig. 37 is shown 
the spectrum of protons from [ 1581. This spectrum was obtained as  the 

. - - - . . - 
*If t h a  can-be represented by an ex- 

ponential dependence, then in the region of photon energies E ,  ?? m , c 2 ,  the integral 
spectrum of photons is practically indistinguishable from the spectrum of T O -  
mesons. 
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Figure 37. Integral 
Energy Spectra: 

1-Pions in P-Nucleus 
Interactions [ 158 1 ; 
2-Pions in P-P Col- 
lisions i 1901 ; 3-Kaons 
(in P-P Collision) [ 1901 ; 
4-Protons in P-Nucleus 
Interactions [ 1581 ; 
5-Hypersons in P-P 
Collision [ 1901. The 
Energy of the Primary 
Particle is About 25 

GeV. 

difference between the spectra of positive and 
negative charged particles. The exponent 
u = 0.14, which is twice a s  large a s  uo for the 

pion spectrum. 
0 

In [19OJ interactions were chosen in which 
hypersons were formed. The energy spectrum 
of these hypersons is shown in the same figure, 
and in the interval O<u<0.5 is described by an 
exponential with uo - 0.2, which is also considerably 
greater than for the spectrum of pions under the 
same circumstances. 

/160 Note that in the pion spectrum there a r e  
practically no particles with energies in excess 
of 30% of the primary, whereas the baryon 
spectrum extends out to ~ 2 0 . 6 .  

- 

The spectrum of secondary protons in 
interactions with heavy nuclei is steeper than 
in proton-proton collisions, which indicates a 
difference in the coefficients of inelasticity (see 
Chapter 8). 

Figure 37 also gives the spectrum of kaons 
from 1901. The slope of the straight line in the 
region u 3 0.1 is the same as for pions, but the 
average energy of the kaons is somewhat greater 
than that of the pions. 

3.4. Differential energy spectra of secondary . - - -- . . - - . . ___ __- - - ._ 

particles 

The differential distribution of secondary 
particles with respect to energy for energy 24-30 

GeV was studied in [21, 158, 190, 192, 1931. The energy spectra for pions, 
kaons, hyperons, and protons in the L system are  shown in Fig. 38. They 
were all obtained for p-p or  p-nucleus collisions at proton energies of 24-30 GeV. 

/161 - An analysis of the form of the spectra with the aim of deriving an approxi- 
mate formula was carried out by Aly et al. [ 194, 1951. They found the momentum 
distribution by an indirect method with the assumption of no correlation between 
PI and the emission angle. The authors used a transverse momentum distri- 
bution in the form of (7 .7)  (Chapter 7) and the measured angular distribution for 
the collision of If-mesons with momentum (16 GeV/c) and of nucleons (14 and 30 
GeV/c) with nucleons. To this end they considered interactions in an emulsion 
with Nh = 0 and 1, as well as data on the collision of protons with beryllium 

nuclei at 30 GeV. The approximation of the differential momentum spectrum 
proposed by the authors has the form (for Eo ,=. 30 GeV) 
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Figure 38. Differential Energy Spectra: 
.-of Pions; 0-of Kaons; V-of Protons and --- of 

Hyperons in the L System. 

where 

A = 3.6 and p = 0.17. 

This distribution differs markedly from those represented in Fig. 38 by a 
large number of high-energy particles. The reason for this discrepancy may 
be that in the given paper the nature of the secondary particles was not analyzed, 
and the distribution obtained needs to be compared with the total energy distri- 
bution of all the secondary particles (see Fig. 38). 

Finally, it should be remembered that this result was obtained on the basis 
of an assumption about the universal character of the distribution of transverse 
momenta in all interactions, although it is possible that in events.of a different 
type (e. g. , for different kinds of secondary particles) this distribution is dif- 
ferent. The spectrum of Cocconi et al. c1891 (6.6) is evidently a better descrip- 
tion of experiment i f  the magnitude of T is changed in accordance with the values 
of uo = T/EO specified in Section 3.2. 

3.5. _ -  Energy spectrum of - secondary - -  . -  particles for the collision - - . - - . of - pions with nuclei 

The spectra of no-mesons arising from the collision of primary pions and 
nucleons with nuclei differ strongly. The results of the measurement of the integral 
spectra of secondary pions in pion-nucleus collisions are  presented in Fig. 39. 
The spectra was obtained by Hoffmann et al. [ 1481 and pertain to the interaction /162 - 

12 9 



cd 
0 
ew 
0 
k 
Q) 
P 
Ej 70 
z 

7- 
0 

Figure 39. Integral Spectra of 
Pions in Pion-Nucleus Collisions: 

1-7r- [1481; 2-go  [1911; 3 and 
4-Decomposition of Spectrum in- 

to Its Components. 

of negative pions with heavy nuclei of 
the photo emulsion ( N h  2 8). The measure- 
ments of momenta were made in a mag- 
netic field of 165 kG. 

The spectrum observed in this work 
cannot be represented in the form of a 
single exponentid law. The initial 
portion of the spectrum for u<0.3 falls 
steeply, but at u20.3 the slope of the 
spectrum changes, and the sloping part 
can be approximated by an exponential 
with index u, 20.17. This value is 
close to the magnitude of uo for secon- 

dary nucleons in proton-nucleus o r  
proton-proton collisions. 

In the work under consideration 
secondary negative particles were chosen 
to construct the spectrum. Consequently, 
the spectrum contains a certain proportion 
of kaons, although at energies attained in 
accelerators considerably fewer negative 
kaons are  formed than positive ones. 

- /163 

In order to elucidate whether or not 
the highest energy part of the spectrum 

is associated with kaons, we shall turn to [ 1911 , where the spectrum of g o -  
mesons in the collision of r--mesons with emulsion nuclei was studied. The 
most energetic pions a re  emitted at  small angles to the direction of the primary 
particle. Hence, one might expect that in observation at small angles the high- 
energy portion of the spectrum is manifested more sharply compared to the 
large emission angles of TO-mesons. 

This is confirmed by curve 2 in Fig. 39, which gives the spectrum of secon- 
dary 7ro-mesons at angles less than 50. In this case the slope of the spectrum 
in the semi-log plot is determined by the quality u 
agrees with the value of the exponent for the spectrum of charged pions. 

- 0 . 2  (for u>O.15), which 0 -  

For u<O,15 the energy distribution of aO-mesons coincides with the distri- 
bution of negatively charged ones. This fact, that the spectrum of To-mesons 
becomes more inclined a t  smaller values of u, is evidently explained by the 
selection of photons emitted at small angles. 

Thus, the spectrum of no-mesons, as well a s  the spectra of charged secon- 
dary particles, a re  essentially different in the case of pion-nucleus and nucleon- 
nucleus collisions. 

The integral distribution seen in Fig. 39 (curve 1) can be represented in the 
form of the sum of the two exponential curves 3 and 4. In this, curve 3 has 
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almost the same slope as does the spectrum of pions created in proton-nucleus 
collisions. This evidently means that the mechanisms of generating pions with 
ii 60.3-0.4 are  the same in proton-nucleus and pion-nucleus collisions. 
that bear away a large part of the primary energy a re  formed principally in 
pion-nucleus collisions and almost never in nucleon-nucleus collisions. 

Pions 

But what of the fraction of high-energy pions ? 

Extrapolation of curve 4 in Fig. 39 to the point u = 0 gives that poins distri- 
buted over the inclined branch of the spectrum constitute approximately 1/6 of 
all pions. It is possible that this estimate is too high, since in the region u<0.3 
the form of spectrum 4 is obtained by extrapolation. At the energy considered 
the multiplicity of secondary particles is close to five, and on the average less 
than one pion responsible for the spectrum 4 is formed per interaction. 

/164 - 

If one assumes a break in spectrum 4 at  u = 0.3, then the number of high- 
energy pions is found to be of the order of 0.35 per interaction (minimum esti- 
mate). Consequently, analysis of the form of the integral spectra of secondary 
particles discloses a change in slope of the spectrum of T-- and no-mesons in 
r--nucleus collisions in the region u - 0.3. When u < 0.3 a group of particles 
stands out which have a slope of spectrum the same as that of pions in nucleon- 
nucleus collions. If one constructs the total spectrum of all secondary particles, 
in proton-nucleus collisions, this spectrum, as well as the pion spectrum, changes 
slope at u - 0.3. 

Therefore, the spectra of all secondary particles in pion-nucleus and 
nucleon-nucleus collisions a re  qualitatively alike. However, in the case of 
nucleon-nucleus collisions the high-energy portion of the spectrum is produced 
by nucleons, and in pion-nucleus interactions, by X-mesons. This conclusion 
is contradicted by the results of Babu et al. [195al, who studied the spectra of 
photons arising in a graphite target under the action of 17-GeV pions and 24-GeV 
nucleons. 
shorter that in nucleon-nucleus interactions (u = 0.07 and 0.14 for pion- and 
nucleon-nucleus collisions, respectively). The reasons for this disagreement 
are unclear. 

The spectrum of photons in pion-nucleus interactions was found to be 

3.6. Conservation of the primary particle 

The primary particle is usually conserved after collision. The conclusions 
of Section 3.5, where it was shown that the most energetic secondary particle is 
of the same nature as  the primary, indicate this. 

In the energy range considered (- 30 GeV), conservation of energy by the 
nucleon in nucleon collisions was established first in cosmic rays 196, 1971. 
Usually the result is formulated like this: collision of nucleons takes place with 
considerable elasticity (see Chapter 8). Accelerator experiments have shown 
the validity of this conclusion for the collision of nucleons not only with light, 
but with heavy nuclei, as well as  for pion-nucleus collisions. However, the 
possible details of this process should be kept in mind. In the collision of a 
primary proton with a nucleon o r  nucleus overchanging must exist, i. e. the 

/16 5 - 
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secondary nucleon may be both a proton and a neutron (see Chapter 12). In 
other cases the nucleon may be excited and fly off in the form of an isobar o r  
hyperon. Thus the property under consideration should be considered as the 
conservation of a baryon as the result of a collision at energies in the tens of 
GeV. 

Similar features should also be observed in the interaction of apion. The 
secondary pion may as ,the result of a collision undergo inelastic overcharging. 
In other words, in the collision of a n--meson with a nucleus, .the most energetic 
surviving particle can be a T-- ,  7~ -, or  ro-meson. The probabilities of the 
reaction channels: 

-I- 

1. n--x- -t particles of low energy; 
2. n--n+ -t- particles of low energy; 
3. n--n0 -t- particles of low energy; 

(6.9) 

may be different. 

Thus, in experiments [ 1583 on the interaction of n--mesons with nuclei, 
negative particles a re  encountered twice as  frequently as positive ones among 
the particles with energies €>0.3€0. 
reaction channel in the first  case of (6.9) is twice as  great as in the second. 

This shows that the probability of the 

4. Experiments in Cosmic Rays 

The region of cosmic energies begins at  Eo>30 GeV. However, it is hard 
to expect a significant change in the properties of the interaction up to 100 GeV, 
since the energies in the C system at 30 and 100 GeV differ by 1.8 times at 
most. Hence, phenomena in the region 3. 1000 GeV are the ones of most 
interest. Unfortunately reliable data on the spectra of secondary pions do not 
exist in this energy region. 

In the energy region - 100-200 GeV one uses the Wilson chamber in a 
magnetic field o r  the method based on the constancy of the average transverse 

system. 

spectrum of secondary particles from the magnitude of <P,>. For this they 
compared the spectrum determined according to <p,>  in p-p collision at 300 
GeV with the spectrum calculated on the assumption of the constancy of the 
distribution of P I  and the experimental angular distribution. They found a 
marked difference in the spectra and decided on this basis that it was not possible 
to use <P,> to determine the spectrum. However, it was pointed out earlier 
that their formula (6.4) does not agree with direct measurements in the 30-GeV 
region. A comparison of the distribution obtained on the basis of the assumption 
of the constancy of <P,> with direct measurements in the very same energy 
region can give more reliable information about the applicability of this method. 

/166 momentum to determine the energy spectrum of secondary particles in the L - 

Aly et al. [1941 considered the question of the possibility of determining the 
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First, it is necessary to make the following remark. Among the secondary 
particles in a shower, a surviving nucleon is present, which should be excluded. 
Otherwise we do not obtain the spectrum of pions. The surviving nucleon bears 
a significant fraction of the primary energy and is emitted at a relatively small 
angle. As is shown in Chapter 7, the principal fraction of protons have p,<l. 5 
GeV/c. Consequently, the majority of conserved nucleons liable to exclusion 
should depart at an angle 8<1.5/(1 - K)EO (energy in GeV, K is the coefficient 
of inelasticity). As a minimum we ought to discard protons which as a result of 
collision have not changed their energy much; then 8=0.05 rad (3O) at 30 GeV 
and 6=0.0075 rad (-30') at about 200 GeV. The number of rejected particles 
can serve as the criterion for the correctness of selection. For proton-nucleon 
or proton-nucleus collision the number of excluded particles should be of the 
order of 1/2 per interaction and not more than 1 in any event. 

m 
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70 
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Guided by these rules, we excluded from the spectrum of the momenta of 
secondary particles in the work of Aly et al. particles which were  emitted at 
angles less than 20, and the remaining particles were used to construct the 
integral spectrum. The spectrum obtained agrees well with the direct measure- 
ments [1901 (Fig. 40). 

/167 

The energy distribution of secondary 
particles has been obtained by this method with 
the aid of an ionization calorimeter and Wilson 
chamber. The spectra of secondary particles 
created by neutral and charged primaries were 
studied individually. If it  is assumed that pro- 
tons and neutrons interact in the same way, 
then the difference between the two distributions \ - 

Thus, it is possible to expect that the 
method based on the use of <pL> for the deter- 
mination of spectra should give correct results 
also for cosmic experiments. 

Experiments with a Wilson chamber placed in a magnetic field have the 
advantage that they make it possible to detect particles emitted at small angles 
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Figure 41. Integral 
Energy of Secondary 
Particles at 200 G e V  

1-Primaries Neutral; 
2-Difference of the 
Distributions for 
Charged and Neutral 

Primaries. 

to determine the nature 

but having a very low momentum. In the work of 
Dobrotin et al. [ 12, 1981 such particles were ob- 
served in 20% of the showers. They had angles less 
than 1-Z0 and momenta one-tenth of that expected 
from the constancy of pL. 

Many attempts have been made to elucidate the 
form of the spectrum of protons of high energy. 
Usually it was assumed that the particle having the 
greatest energy is a proton. Its energy was deter- 
mined from the angular distribution of particles 
in secondary interactions. This method cannot give 
reliable quantitative results. Daniel et al. [641, 
after a similar analysis concluded that in each 
interaction there is one secondary particle that 
bears on the average about one-half of the initial 
energy. The energy of any of the remaining particles 
almost never exceeds 10% of the primary. Thus, in 
this case the concluion of Section 3 . 6  about the con- 
servation of the primary particle after interaction is 
corroborated. There a re  certain reservations, 
however. The authors assumed the most energetic 
particle to be a nucleon -- a priori. In fact, this is an 
extremely grave assumption, since it is impossible 

of a high-energy particle. 

The hydrodynamic theory predicts the existence of a particle that bears 
away about half of the initial energy, but in the majority of cases the fastest 
particle is a pion. Hence, the determination of the nature of the secondary 
particle of highest energy could give valuable information about the validity of 
hydrodynamic ideas. There is a basis for believing that in nucleon-nucleon 
collisions such a particle is a nucleon. 

In collisions of nucleons with heavy nuclei the situation may be different 
1199, 2001 (see Chapter 8). 

The energy spectrum of secondary nucleons of high energy can be measured - /169 
by studying the distribution of the magnitude of the second maxima of the nuclear- 
cascade curve in a calorimeter [ 201, 2021. Examination of the form of individual 
nuclear cascades shows that a depth distribution with secondary maxima is 
typical (Fig. 42). It is obvious that they a re  due to a nuclear-active particle that 
survives the first interaction. The area bounded by the second maximum S2 is 

proportional to the energy of the surviving particle. If So is the area bounded by 

the entire nuclear-cascade curve, the fraction of the energy of the most energetic 
particle will be 
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Figure 42. Dependence of Number of Electrons 
n on Depth in the Ahsorber of the Calorimeter. 
The Numbers on the Abscissa Axis Denote the 
Row Number of the Ionization Chambers in the 
Calorimeter (see Fig. 15a). Rows I, 11, and 
111 are Arranged Under Layers of Lead, the 

e 

Remainder Under Layers of Iron. 

/170 - The slope of the integral spectrum of secondary particles for the case of cas- 
cades initiated in a graphite target is u = 0 . 3 0  & 0.05.  Within the limits of 0 
experimental error this agrees with the spectrum of nucleons in p-p collision 
at Eo 25 GeV. 

In the work of Brook et al. 1961 the differential spectrum of the highest 
energy nucleons arising from the interaction of primary particles with light 
nuclei was derived on the basis of an analysis of the passage of cosmic radi- 
ation through the atmosphere. 
approximate formula: 

They chose for this spectrum the following 

P (u) du = - In udu. 

This distribution also describes the results of measurements with a calori- 
meter [2021. 
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5. Energy Spectra of aO-Mesons 

5.1. Photon families 

The energy spectrum of nO-mesons with respect to photons is studied by 
the method of controlled emulsions, emulsion chambers, and piles, frequently 
in combination with x-ray plates. 

These experiments have the feature that the investigated interaction occurs 
not in the detector itself, but in a special graphite target placed at a height of 
1.5 m or  so above the cascade detector o r  in the atmosphere over the apparatus. 
This is necessary in order to give the possibility that the photons formed in the 
interaction will diverge sufficiently. In practice, it  is possible to resolve cas- 
cades from photons if the latter traverse the emulsion not less than 50-100 p m  
apart. 

Groups of photons arriving from the atmosphere or from a target and 
registering simultaneously in the apparatus have acquired the name "photon 
families. 
photon cascade, which is registered by the photoemulsion or x-ray film. In 
the x-ray film is observed a group of spots, the size of which is determined by 
the energy of the photon. In photoemulsions one can distinguish the individual 
particles with sufficient magnification. Examples of sketches of showers a re  
shown in Fig. 34. 

Each photon family forms in the material of the detector an electron- 

5.2. Interpretration of photon families 

The photons belonging to a family can come from various sources. 

First, photons arise directly in the decay of rO-mesons, and, second, as 
products of an electron-photon cascade in air. On the basis of the spatial dis- 
tribution of photons in the family, it  is possible in principle to determine the 
mechanism of their generation [2031. If two photons with energies El and E2 

come from the decay of a TO-meson, the spacing between them 

(6.10) 

where H is the distance from the point of origin of the mO-meson to the detector 

and m is the mass of the no-meson. 
7r 

The average spatial distribution of photons of an 
by the mean square radius of the shower <R> in the 

air  shower is characterized 
plane of the detector 

/17 1 

< R > = A E "  
Emin' 
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where Edn is the minimum detected energy, and E,-21 MeV is the characteristic 

energy for electron scattering. 

The constant A depends on the age of the shower and in the case of small 
distances H is of the order of 0.1. The ratio 

(6.11) 

shows that the biggest difference between <R> and h is observed at large magni- 

tudes of H and E =  1'5 . For certain values of the parameters H and E it  is 
f min 

impossible to determine the source of the photons (when R - k) . The mean 
square radius <R> is conveniently calculated as the weighted mean over the 
energies 

where R. is the distance of the i-th photon from the shower center. 
1 

If one observes in the emulsion photons which have undergone cascade 
multiplication in the atmosphere, then the problem arises of determining the 
energy of the primary photon that gave birth to the cascade. 

(and on H), where E is the energy of the pri- XE,  the dependence of <R> on __ 
EO 

mary photon. 

One can calculate /172 

0 
The appropriate dependence for small values of < R> gives 

0 

If the photon cascades observed in the emulsion proceeded directly from the 
decay of no-mesons, the distance between the photons from the decay of a single 
*'-meson is connected with their energy and height of origin H by the relation 
(6.10). 

5.3. The union of pairs of photons into 7~ -mesons [2031 

To solve the problem of uniting the photons into the pairs that belong to a 

specific rO-meson, one attempts to find those combinations of photons which 
give the same height of shower origin for any selected pair of photons. 

The correctness of the joining can be checked by constructing the distribution 
of the energies of the photons that have been grouped into pairs. 
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Let the energies of the decay photons be El and E2, with 

El > E2 and El + E2 = Ex.. 

It is known that the energies of decay photons are distributed uniformly 
in a certain interval determined by the conservation laws. Assuming that the 
minimum detectable energy is Emin, we find 

and 

The quantity constructed from El, E2 and Emin 

E ,  - Emin 
€1 + E ,  - 2Emin 

I =  2 

should be uniformly distributed between 0 and 1. 

Some of the photons remain unpaired, since E can be less than Emin in 

min 

2 
/173 - the experiment. Then the energy of the TO-meson is included in the limits 

from El to El + Emin. The probability of observing a single photon is 2E /Eo. 

5.4. The energy spectrum - of photons _ _  . 

Usually the energy of the primary nuclear-active particle that creates a 
given family is unknown. Hence, to construct the normalized energy spectrum 
in an act of generation the energies of the individual photons are  related to the 
total energy of the photons of a given family. Obviously, this procedure cannot 
give the true shape of the energy spectrum in an act of generation. 

If a certain fraction of energy CY is transferred to all the photons, it is 0 
possible to establish how far the measured spectrum differs from the true one. 
To this end, in the expression for uo = T/EO (see Eq. (6.7)) we should replace 

Eo by aEo. Consequently, the new value is 
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Even the spectrum normalized to the energy aOEO will be considerably more 

inclined than the energy spectrum per act. In the selection of events according 
to electron-photon cascades the principal contribution in this case will be given 
by events with large a, (see Chapter 2). It may be expected that the slope of 

the spectrum will be changed by a factor of two or three. (If all events are  
chosen, then <UO> -0,2 and ub = 5 uo). 

In Chapter 8 it is shown that pions transfer to photons on the average 
more energy than do nucleons. At mountain heights, where there a re  particularly 
many pions in the nuclear component of the cosmic radiation, these latter can 
give a very big contribution to the number of observed events (see Chapter 12). 

According to estimates of Akashi et al. [ 841 , at a depth of 500 g/cm2 
(45 3 20)% of all showers in emulsion chambers occur from primary pions. At 
greater depths the fraction of pions in the nuclear component increases, and 
their role in creating families will be still greater. Thus, on mountains photon 
families come from pions to a considerable degree, whereas in the stratosphere 
and near the limits of the atmosphere they come from nucleons. 

0 

In interpreting the results it should be kept in mind that photons with an 
energy less than 50-100 GeV a re  usually not registered, and therefore the 
number of photons of low energy is underestimated 12041. 

/174 - 

For convenience in comparing with the spectra considered earlier we shall 
present the result of the measurement of spectra in families on a semi-log 
plot, although a log-log plot is used in most of the original papers. 

Figure 43 summarizes the data on photon measurements by the method of 
controlled emulsions in the papers of Eabayan et al. [205, 2061 and Buya et al. 
[1751, and the data of Akashi et al. [2071. To construct the spectra, showers 
were chosen in which the total energy of the photons was on the average close to 

10 l2  eV or  somewhat less. The data was obtained at mountain heights. Within 

3) . The similar value of (in the given case, U i =  

/175 experimental error ,  the photon spectrum can be expressed by an exponential - 
* with coefficient ub - 0.1 

u' = 0.13 was obtained by Heidbreder and Pinkau 12041 for three families with 
energy of several thousand GeV. 

V E V h  

0 

In [206a, 2071 many photons were successfully joined into pairs and the 
spectrum of the To-mesons was obtained. In general, this spectrum has the 

. . - . - - _ _  - -~ - *  
The authors approximate the spectra of nO-mesons and photons they ob- 

tainedby apowerlawwith exponent 1.50 f 0.20 (in the region u > 0.1 for no- 
mesons). 
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same character as  that of the photons, 
and cases a re  encountered in which one 

aO-meson bears almost all the energy 
of the family (in two cases out of 15 one 

='-meson carriers more than 70% of the 
family energy). 

Extensive investigations of photon 
spectra was carried out by a Japanese- 
Brazilian group working on Mt. Chacaltaya 
[841 (5200 m above sea level-550 

g/cm2). Their emulsion chambers con- 
sisted of nuclear photoemulsions and 
x-ray plates interspersed with lead, up 
to 20 t-units in total thickness. The 
authors obtained spectra of photons in 
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-- 
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-1 
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The study of photon families with the aid of emulsion chambers has shown 
that the normalized spectra of photons in families differ little at mountain 
heights and close to the limits of the atmosphere. This results does not con- 
tradict our conclusions about the considerable difference between the charac- 
teristics of the interaction of pions and nucleons. 

If the experimental data obtained in accelerators is normalized in the same 
way as cosmic data, i. e. , to the energy transferred to pions, then the difference 
between the spectra for pion and nucleon collisions will be small. 

An investigation of the spectra of photons in families was carried out by 
Fowler et al. 1391 and also by Malhotra et al. [ 1401. 
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Figure 44. Integral Energy Spectrum 
of Photons in Families, Measured 
Near the Limits of the Atmosphere: 
1-Number of Photons in a Family n7 >z: 

2-n ,4. 
1 

dently due to accidental sources. 

These workers did not observe 
any significant difference in the form 
of the normalized spectra of photons 
for events with total energy ZE, >2104 
400 GeV and 1600 GeV. The summ- 
ation was carried out over all photons 
having an energy E,>50 GeV and 
angle 0 < 10-2 rad. On the average 
90% of the photon energy was con- 
tained within these limits. In the 
region ut > 0.1 the observed spectrum 
is represented by an exponential 
(Fig. 44) with ub = 0.175 for events 
with the number of photons greater 
than one and ut = 0.152 for N,>4. 
This result is close to that observed 
on mountains. 

/177 - 
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In the work of Fowler et ai. [1391 
the normalized spectrum of photons 
was found to depend on energy. For 
Z E ,  > 3000 GeV the form of the 
spectrum is the same as in the work of 

Malhotra: U; = O . 1 6 f 0 . ~ ;  however, at 
lower energies I L ~  =0.24ir0.03. In both 
investigations the quantity of registered 
cases was extremely small (several tens 
of events), and the difference is evi- 

0.03 

4 Thus, up to primary energies of the order of 10 GeV the energy spectra 
of photons and consequently also of pions remain exponential, with the exponent 
not changing much. 

Babayan et al. [2061 and Grigorov et al. [ 521, using the controlled emulsion 
method in combination with an apparatus of the calorimetric type, succeeded in 
determining the energy of individual photons in the groups and estimating the 
energy of the primary particle. They chose events with energy exceeding 103 
GeV. In all, they published 13 cases of families consisting of more than two 
photons. 

In all cases they determined the energy of the most energetic TO-meson 
(En O),,, as  well as  the ratio of the energies of the most energetic particles. 
The results a r e  presented in Table 39. All the families examined arose in a 
graphite target placed above the apparatus. 

The nature of the particles evoking.the electron-nuclear showers was not 
determined in these experiments. However, based on the aforementioned 
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TABLE 39. CHARACTERISTICS OF INTER- 
ACTIONS REGISTERED BY THE CONTROLLED 

EMULSION METHOD 

1 7x1 13iw 
9 so5 3330 
3000 "'03 
3 650 3:?SO 
JCUO 2,565 
5 100 37PO 
5820 4540 
6003 4S40 
9 403 5E03 

1 

I I 
I 

0 .72  4 680 0.40 
G 1100 0.39 

800 0.27 
0.02 
0.s5 
0.93 6 1503 0.42 
0.61 6 1030 0.25 
0.74 4 25113 0.49 
0.78 117 1403 0.24 
0.81 10 2900 0.48 
0.62 G 5330 0.53 

- 
650 
920 
620 

1500 
920 

2003 
900 
1920 
2840 

400 
400 
830 
440 

results of Akashi et al. [ 841, we must assume that more than half of all 
registered showers were caused by primary pions. This conclusion will find 
confirmation later (see Chapter 12). In Chapter 8 i t  is shown that only in ra re  
cases do nucleons transfer to no-mesons more than 60% of their energy in a 
single act. Hence the results given in Table 38 can be divided into two groups 
with ao>O.GO and m<0.60. Among events with ao>O.G interactions evoked by 
primary pions should predominate, with a0<0.6 -by nucleons (see Chapter 8). 
The properties of these two groups of events with respect to their energy 
characteristics a re  essentially different. 

In interactions with a3>0.6 (<ao>=U.i8f0.03) the energy of the most 

energetic TO-meson averaged over all events is < (EO ) 

This same quantity in the second group of events (<a3> =0.31&0.05) is four 
times less: < (E,o ) "/EO> =0.09&0.02. 

in the first group is 3 . 5  L 0.35,  in the second, 7 L 1.6. This result agrees with 
the conclusions in Chapter 5 about the lower multiplicity in pion-nucleus col- 
lisions. 

/Eo> =0.37I+0.03. max 

The average multiplicity of v0-mesons 

Thus, in collisions which can be assumed to be pion-nucleus, the average 
multiplicity of secondary pions is one-half, and the energy of the most energetic 
pion is one-fourth as great as in nucleon-nucleus collisions. This means that the 

spectrum of nO-mesons produced by pions is harder than the corresponding 
spectrum from nucleons. 

The total energy spectrum over all events can be derived by using the authors' /179 

= 0.22. Considering that over all cases 

- 
table of average values of the energy of the four photons of highest energy. It can 
be represented by an exponential with 
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<ao> ~ 0 . 6 5 ,  the spectrum normalized to the total energy of the primary particle 
E will have a slope uo = 0.65 ub , z 0.15. However, this result pertains to a 

mixture of nucleon and pion interactions. To obtain the form of the spectrum 
for pion and nucleon interactions, one can utilize separately the average energies 
of the most energetic no-meson for these interactions. 

0 

Approximating the energy spectrum of secondary nO-mesons by an ex- 
ponential law and allowing for the multiplicity difference, we find that for pion- 
nucleus collisions at  1000 GeV, uo = 0.25 -I- 0.03,  and for nucleon-nucleus uo = 

0.05 It 0.1.  This agrees with the results of accelerator experiments. 

5.5.  Average characteristics of the energy spectra of pions in the L system 

In calculations of the passage of cosmic radiation through the atmosphere 
is the number of pions, and Y is an important quantity is <nxuY--l>, where n 

the index of the differential energy spectrum of the primary particles (see 
Chapter 12). 'The value of Y is close to 3; hence <n,uv-*> = <n, u2>. This 
parameter can be obtained from the differential distribution of pions with respect 
to energy in the L system. 

7r 

From the spectrum measured by Garbovska et al. [I581 for interactions of 
protons with heavy nculei, we find d n , u 2 >  =0.040+-0.015 (Eo = 24 GeV). 

nucleon-nucleon colljsions [ 1901 , <rz ,~~>~=0 .05+0 ,01 .  For  the interaction of 
pions with nuclei [ 1481, <n,/r$>,= 0.13 3 0.05. The spectrum of secondary 
particles in a pion-nucleon collision [ 1941 leads to a value < n , ~  u2>, = 0.18 3 
0.04. 

For 

The quantity k =  <nu> is the coefficient of inelasticity. As  will be shown 
in Chapter 8 ,  its average value does not vary with energy. Since the multi- 
plicity <n,> increases with energy, the quantity <u> must therefore vary with 
energy, and consequently <nu2> may depend on energy. We shall postpone 
further discussion about the properties of this parameter until Chapters 12 and 13. 

/180 - 

6. Energy and Momentum Spectra of Secondary Particles 
in the C System 

6.1 .  Transformation of energy distributions into the C system 

Presentation of results in the C system frees the investigated phenomena 
from the influence of kinematic peculiarities associated with motion of the co- 
ordinate system and having no relation to the dynamics of the collision pro- 
cess. Therefore examination of the interaction characteristics in the system of 
the center of mass of the colliding particles facilitates the comparison of dif- 
ferent data, as  well as of experiment with theory. 

be accomplished by means of known transformation formulas [2081 
Transformation of the energy distribution from one system to another can 
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where dRc, dR are  elements of solid angle; p,, 6, and p ,  8 a re  related by the usual 
formulas for the transformation of angles and momenta. It is obvious that it is 
necessary to have good information about yC for this procedure to be successful. 

In many cases the form of the distribution d tN ('* in the laboratory system 
dpd2 

is unknown. Then one transforms the momenta and angles of the individual 
particles and constructs the distribution in the C system from this. 

6.2. Integrd distributions in the C- system 

In this section we shall compare the results of the determination of integral 
spectra of secondary particles at  different energies. The integral spectra of 
pions in nucleon-nucleon collisions a re  shown in Fig. 45 135, 190, 198, 209, 2101. 

log k 

7 

Q 

Figure 45. Integral Energy Spectra of Pions 
in the C System for Different Primary Energies: 

1-3, 5 GeV c2101; 2-19 GeV [2001; 3-25 GeV 

-2.8.10' GeV (5 and 6-from 11401. 
[ 190, 1351 ; 4-200 GeV 1981 ; 5-772E7 5 1 0 '  GeV; 

The pion spectra in p-p collisions at  25 GeV are  constructed up to values 
of the momentum p c - 2  GeV/c. The results obtained by Dodd et al. 
De Marko Trabucco et al. 11901 at energies near 25 GeV are almost the same and 
a re  united in Fig. 45. The data of Dobrotin et al. [ 1981 pertains to the symmetric 
system. However, the velocity of the symmetric system relative to the C system 
is small (ySC- I ' I ) ,  and therefore the spectra in these two systems should not be 
very different. 

1351 and 
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In this work the energy of the primary particles (nucleons and pions) was 
measured with a calorimeter and was in excess of 100 GeV, and the energy of 
the secondaries was determined in a Wilson chamber from the radius of curvature 
of the trajectory in a magnetic field. Curves 1 and 2 in Fig. 45 represent spectra 
of pions in the C system at a momentum of the primary protonsof 19 and 3.5 
GeV/c. It follows from the graphs that the energy spectrum of pions depends on 
the energy of the primary particle. 

The energy spectra of photons in the C system at an energy 23.1 GeV were 
studied by Fidecaro et al [1931. There results can be compared with the data 
of Malhotra et 61. [ 1401 at  1600 and 4000 GeV, which were obtained in an emulsion - /182 
chamber, and the spectrum of photons in the C system was calculated from the 
energy distribution of photons in the families. The average energy of the pri- 
mary particles was assumed to be 

<E> = 7 < T E ,  >. 

In this case the event selection was by electron-photon cascades and such an 
energy estimate is bound to be too high (see Chapters 12,  13), leading to errors 
in the determination of the,form of the spectrum in the C system. 

The magnitude of the error  in determining the energy of individual particles 
in the C system arising from the use of an incorrect value for Eo is 

/183 If yr. is too high, the energy of particlesin the outer cone after transformation 
into the C system will be greater than the true value, whereas the energy of 
particles in the inner cone will be too low. 

- 

In cosmic ray experiments particles in both the outer and inner cones are  
Measurements of multiple scattering usually are  made on particles analyzed. 

of the inner cone. 

In the photon experiment being considered, they studied mainly inner-cone 
particles in the L system, and consequently it may be expected that the average 
photon energy obtained in [1401 will be too low in the C system. The results of 
the comparison of integral photon spectra in the C system at a proton energy 
of 23.1 GeV, as well as when X€,, = 1600 and 4000 GeV, a r e  shown in Fig. 46. 
The sharp difference in the spectra in different energy regions indicates the 
marked growth of the average photon energy in the C system with increasing 
energy of the primary particle. It is easy to establish the relation between the 
spectra of no-mesons and photons. 
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Figure 46. Comparison of Integral Energy 
Spectra of Photons in the C System for Dif- 

ferent Energies of Primary Protons: 

1-23.1 GeV; ~ - - z E ,  -=I600 GeV; 3 - x ~ ~  = 4 . 1 0 3  GeV. 

If the pion spectrum in the C system has the form 

and E, >> nt,, then 

(6.11) 

(6.12) 

(Ei is the integrated exponential function). The photon spectrum calculated 
from Eq. (6.12) for the case of high energy is indicated in Fig. 46 by the con- 
tinuous lines. The approximating curves have Tc = 2.0 for <ZE,> = 1600 GeV 

and Tc = 3.7 for < Z E v >  = 4000 GeV. 
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In Fig. 45 is plotted the spectrum of TO-mesons for energies 7<ZE,> - lo4 
GeV and 2.8 x 104 GeV. 

6.3. Differential distributions 

The differential distribution of pions in the symmetric system was obtained 
This distribution is shown in Fig. 47 and is described by Dobrotin et al. [ 1981. 

by the Planck formula, except for the high-energy region ( ~ 2 0 . 7  GeV), 
/184 

For the parameter T the authors give the value (0.7 - 1) mfl. 

Figure 47. Differential Energy Spectrum of Pions 
in the Symmetric and C Systems: 

1-Spectrum from 1981 ; 2-[ 1901 ; 3-[ 1401 ; 
4-Spectrum Calculated from Eq. (6.13); 5-Calcu- 
lation of Hagedorn from Statistical Theory 211, 
2121 Without Allowing for Isobars; 6-With Ac- 

count Taken of Isobars (3/2, 3/2). 

(6.13) 

Y 

In the region of accelerator energies the results of experiment are  con- 
veniently compared with calculations based on statistical theory. According to 
the data of 135, 1901, the comparison of the differential spectrum in the C 
system with calculations of Hagedorn [211, 2121, who took into account also 
the contribution of isobars 3/2, 3/2 shows good agreement between theory and 
experiment. 
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Differential spectra at 25 and 200 GeV [1981 differ very little. Hence the 
statistical theory is good also for describing the spectrum at 200 GeV. The 
theory agrees with experiment also in the high-energy portion of the spectrum, 
whereas Eq. (6.13) describes the distribution only in the region pc<0.7 GeV. 

A consequence of the hydrodynamic theory is the presence in the spectrum 
of very highly energetic particles. At the same time a large number of low- 
energy particles arise in the interaction. The energy of the fastest particle is 
proportional to Eo+0-9L' 1501. 

Other models, for example the isobaric, can also explain the existence of 
Vinitskiy et al. L2131 made a com- a particle with energy proportional to E 

parison with theory of the energy spectra of photons for the case when particles 
with energy 100-200 GeV interacted in emulsion. They found that the experimental 
energy distribution of photons was softer than predicted by the Landau theory, 
but did not contradict the Heisenberg theory [ 1281 and the spectrum calculated 
by Milekhin 214 1 . 

The Heisenberg theory gives a pion spectrum that obeys the law I/,: in the 

0" 

region beyond the spectral maximum. Because of limited data it is difficult 
to distinguish this dependence from an exponential, although many observers 
1172, 215, 2161 report that this form of the spectrum does not contradict ex- 
periment. 

In several investigated interactions with extremely high energies (E ,  - 1400- 
3800 GeV) [2151, the index of the spectrum was found to be close to unity(in the 
region beyond the maximum). This suggests that at such high energies experi- 
ment gives evidence for an equation of state typical of the Landau theory, whereas 
at lower energies the Heisenberg model is preferable. However, there is not 
enough experimental material to justify a final conclusion. The position of the 
maximum of the differential spectrum of pions in the symmetric system varies 
somewhat with energy. Table 40 gives the position of the maximum of the dis- 
tribution for various primary energies [2151. The quantity 2 is here the fraction 
of particles which have an energy less than 2m c2: 

- /186 

77 

This table shows an Tbvious shift of the distribution toward the region of high 
values of the energy Ec as the primary energy increases. 

6.4.  Pion-nucleon collisions 

Investigations of pion-nucleon interactions done with photoemulsions at Eo - 7 
GeV have shown that there a re  two maxima in the spectra of protons in the C 
System [217-2191. Statistically both maxima are guaranteed in the limits of a 
99% confidence level [2191. The maxima are  located in the regions 0.4-0.7 and 
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TABLE 40. POSITION OF THE MAXIMUM O F  
THE MAXIMUM OF THE ENERGY DISTRIBUTION 

OF PIONS :, 12151 

0.6 
0 .5  
0.4 
0.27 

E,.GeV 

4.2 
6.2 
8.7 

10-230 

320 
210 
383 
323 

153-230 
1400 
2700 
3800 

:,.MeV 

180 
183 
260 
2 62 

2 

0.08 
0.25 
0.09 
0.14 

1.4-1.6 GeV/c. To these two groups of nucleons correspond different values 
of inelasticity in the mirror coordinate system K,,>0.5 and KJr(0.5. A dif- 
ference also shows up in the multiplicity of secondaries and the angular distri- 
butions (see Chapter 8). 

In certain papers (e. g., [2201) some doubt has been expressed that two 
sharp maxima actually exist in the proton spectrum. In particular, it is 
possible that the appearance of maxima is associated with the difficulty of 
identifying protons in the intermediate energy region. 
of a correlation between the energy of the recoil proton and other characteristics 
of the interaction speaks for the existence of two types of interaction independently 
of the degree of energy separation of the two groups of protons. 

However, the presence 

6.5. Average energy of secondary pions in the C system 

By using the results of the study of pion spectra, it is possible to determine 

In the literature [ 162, 6 1 there is a very clear expression of the point of 

their average energy in the C system. 

view that the average energy of secondary pions in the C system is independent 
of the energy of the primary particle. 
since important consequences result from it. 

This conclusion is quite significant, 

If the average energy of pions in the C system <E;., > did not depend on the /187 - 
primary energy, then the inelasticity would decrease with energy: 

Since n increases with energy like 17:’~ o r  slower, Kc will fall like 
S 

(6.14) 
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Later it will be shown that <EEC> increases with energy and K remains con- 

stant. 
have already called attention to m s .  

C 
/188 Perkins [2211, Ohta 12221 , Matsumoto 12151 , and Barashenkov 12231 - 

TABLE 41. MAGNITUDE OF <zXC> FOR 
PRIMARY PROTONS 

Primarj 
energy, 
GeV 

2 
2 
2 
3 
5.7 
6.2 
6.2 
9 
19 
24 
2-4 
23 
25 
25 
26.7 

20-100 
100 

10-200 
200 
5.10q 

IO' 
3.10' 
3.105 

Type of 
collision 

P -2 
P -  P 
P - N  
P - f l  

P - N  
P -  P 
P - N  
P - N  
P - N  P-c 
P -  P 
P - P  

DP - K K f n :  
0 p  + YK+ n3 

P - N  
P ,  x - c  
p ,  x - c  

p - emu1 
p - z  - LiH 

p -emul 

P - - c  
P - - c  

P -  air  

0.39 * 0.02 
0.38 ,* 0.0 I 
0.35 k0.02 
0.33 *O. 05 

0.35 
0.38 50.02 
0.43t 0.05 
0.4250.10 

0.40 
0.47 + 0.04 
0,52 0.01 
0.55*0.05 
0,42 5 0.03 
0.54*0.04 
0.48 +O.OG 
0.43~ 0.05 
0.47 5 0.05 
0.42 *O. 03 
0.51 50.11 

1 .3--1.7 

2.0 
3.7. 
3.0 

Remarks 

Annihilation 
n 

n 
D 

- 
- 

- 
Photons 
Photons 

- 

~O.mesons 

Yc 
( y c  by CaEtagnoli 

Inthe center of 
emission sys. 
Photons. Energy 
determined 
from E? (6.111J 
Photon ami ie 

3 

Tables 41  and 42 gives the results of the measurement of <E,c> at different 
energies. A comparison of the data in these tables shows that there is a certain 
difference between the average energy of secondary pions for primary particles 
of different nature. In the case of primary pions < E ~ >  is 25 to 30% greater 
than for primary protons (in the interval 4-25 GeV). The average energy of 
particles in the C system depends on the nature of the secondary particles much 
more strongly. Table 43 presents the values of the average momenta of particles 
of different kind in the C system. 

- /189 

From this table it is seen that the average energy of secondary particles 
rapidly increases as  their mass increases. The average energy of secondary 
pions in the C system also depends on the multiplicity. At accelerator energies 
it is shown that the magnitude of <ezc > has its highest value for the minimum 
multiplicity ns. 

various ns. 
Table 44 gives some of the results of the determination of <erc>  for 
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TABLE 42. MAGNITUDE OF < E ~ , >  FOR 
PRIMARY PIONS 

Primary 
egEpt 

T e  2 
colli- 
sion 

4.5 
1.5 
6 .8  

GeV 

___ 

16 

6.8 
7.5 
7.0 

Type 
of 
collision 

z - - p  

- 

7.3 
16.2 

0.44* 

0.57+- 
h0.07 

10.07 

.7---p 

n--.V 

n--A? 
n- -N 
."[- - N 
n--N 
x- -p  

x- -n  

- 
- 

- -7 -__ - -- 

0.61 
0.45 

e,,'~ .GeV Remarks I 

0.38 
0.20 

0.45 * 0.03 
0.40+ 0.03 

0.59 f0.02 
0.5250.02 
0.50&0.02 
0.47 f 0.03 
0.64 i O , O 2  

0.61 k0.02 
0.675 0.02 

0. S! kO.02 

- 
- 

Propane 
chamber 
Emulsion 
Emulsion 
H drogen 
clamber - 

- 

- 

TABLE 43. DEPENDENCE OF 

KIND OF SECONDARIES 
AVERAGE MOMENTA < P c >  ON THE 

4.5 

7.3 

24 

"- -p  x 0.39f0.02 
p 0.91k0.15 

z - - p  n 0.4210.03 
p 0.9310.17 
:: 0.4710.03 [190) 

0.79&0.01 11901 '-' 1 co I 1.89-cO.03 1 [I901 
TABLE 44. DEPENDENCE OF < E ~ ~ >  ON NS 

kcon. 
dary 
)art- 
cles 

n- 

E+ 

x- 
n+ 

n =2 

._ 

I .2* 
50.09 

*0.09 
U.86* 

- _  
1.35 - 

n = 4  

0 .631  
k0.04 
U . M *  
fO.04 

0.88 
0.58 

n =G 

- 

0.51 f 
*0.03 
0.52k 
50 .03  

0.77 
0.52 
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This information is still lacking in cosmic experiments. 

I I 
7 i,O 1 

.- .. 

- 

Bi -0 
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r - - I  
k 0  

I 
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0 

Figure 48. Dependence of the Average Energy 
of a-Mesons in the C System on the Energy 

.-Averaged Data; 0-Results of Measure- 
ments of Average Energies in Individual Showers. 
Solid Lines Obtained from Eq. (6.14) with the 

Condition Kc = 0.5. 

of the Primary Nucleon: 

Figure 48 shows the results of the measurement of <E& > at different 

The observed increase agrees with the 
energies. It is seen from the figure that this quantity increases with increasing 
energy of the primary particle E 
presumption of constant inelasticity with changing E 

0' 

0 

(6.16) 

/190 - 

In Fig. 48 is also plotted the calculated dependence of < ~ n ~ >  on Eo with 
the assumption that Kc = 0.5 and ns varies according to (5.4). The physical 

152 



interpretation of the increase of < E ~ c >  with energy may be different. From the 
point of view of the hydrodynamic treatment <eu. > is proportional to exp(L/2) 

E (L12)'12>>I (L=O.56 --y +1.6) [239]. 
Ill c - 

In the fireball model it is assumed that the average energy in the agglomerate 
system is independent of energy, but that the rate of agglomeration increases with 
increasing primary energy. Such a hypothesis was made, in particular, by 
Zatsepin [ 1421 and Imaeda I61. If the center of emission of pions moves relative 
to the C system with Lorentz factor 

/191 
the pion energy in the C system 

- 
< E ~ >  = <see> I- 

By assumption < E ~ ~ >  = const, consequently (see (6.14) and (6.15)), 

(6.15a) 

Hence, in order that the inelasticity not change with energy, we must have 

Such a dependence of r on YC was obtained earlier by Zatsepin from the 
assumption of the existence of limiting momenta of pions p 

still could form a single system, i. e. , a fireball. If the momenta of the pions 

in the C system pc> 

arise [ 1421. 

at which they c ,  c r  

two fireballs with Lorentz factorsY"1';'* can c , c r '  

- 
Y from experimental data (see Chapter 9). It was found that even allowing for 

Y , the inelasticity decreases with energy, i. e . ,  1: depends on energy more weakly 

Imaeda 1601 used Eq. (8.14)  for a calculation of the inelasticity, determining 

- - 

Is the average energy of pions in the fireball system constant? The energy 
distribution of particles in a meson agglomerate system was obtained in 11981. 
The energies of the particles processed were measured by deflection in a mag- 
netic field (i. e.,  Ei < 12 GeV). For asymmetric showers the motion of the 
symmetric system relative to the C system was taken into account. 
factor of the C system was determined from calorimeter data. The results 
a re  given in Fig. 47. The average energy of the mesons in the agglomerate 
system was found to equal 0.45  GeV for Eo - 200 GeV. 

The Lorentz 



In [1981 the rate of motion of the agglomerate was determined from the 
emission symmetry condition for charged particles only. Since the neutral 
particles were not accounted for, i t  is impossible to be sure that the system 
found actually pertains to a special object of the fireball type. A similar 

was determined only for the emission symmetry of neutral mesons. The average 
value of the photon energy in the agglomerate system was close to 200 MeV for 
Eo - 1013 eV, which gives <E-. > -400 MeV in agreement with the results at 
200 GeV 11981. In this case the velocity of the agglomerate has to be assumed 
very large. Its Lorentz factor virith respect to the C system reaches 20 to 35. 
The possibility is not excluded that in the selected interactions charged particles 
are  also emitted from the common center (backwards in the C system). They 
compensate the momenta of the no-mesons in the C system, and it is not necessary 
to assume that the agglomerate has such a high velocity (see Chapter 9, Sources 
of Asymmetry); then the energy of the 110-mesons in the agglomerate system 
will also increase. 

/192 criticism can also be applied to [2061, where the velocity of the agglomerate - 

In [2321, in work done with photoemulsions at  Eo = 5000 GeV, the energy of 

pions in the center of emission system was found equal to 1.3 to 1.7 GeV. 

Thus, it is not now possible to settle the question of the spectrum and 
average energy of pions in the fireball system. The principal obstacle to this 
is the impossibility of reliably establishing the presence of a fireball in in- 
dividual cases and its velocity by observing only some of the secondary particles 
(in some experiments charged, on others neutral). 
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CHAPTER 7 

TRANSVERSE MOMENTUM 

1. Introduction 

A number of reasons explain the interest in investigating the transverse 
component of the momenta of secondary particles. 

First  of all, transverse momentum is invariant under Lorentz transformations 
and, as a parameter of the elementary interaction process, is of particular im- 
portance in cosmic ray experiments. 

Milekhin and Rozental [ 240 1 showed that transverse momenta of secondary 
particles a re  sensitive to the mechanism of their formation. It may be expected 
that investigation of the distributions of transverse momenta will  permit eluci- 
dation of the mechanisms of production of pions and other particles and answering 
the question about the role of isobars and statistical processes (pionization) at 
super-high energies. 

In the case of elastic scattering processes the transverse momentum is 
directly related to such highly important parameters of the collision as the 
four dimensional transferred momentum t (at small scattering angles p L  = 

t1’2) [ 941. In addition, the phase of the wave function of a particle undergoing 
elastic diffraction scattering depends on its transverse momentum [2411. From 
results of measurements of transverse momenta during elastic scattering it is 
possible to obtain information about the features of the interaction at high energy. 

Several authors [ 242-2451, using the principle of indeterminacy, have 
attempted to connect the transverse momentum with the region in which the 
interaction of particles during collision is accomplished. 

The transverse momentum distribution and its average value can be obtained 
in any strong-interaction theory and is of great value for the comparison of 
experimental results with theory. 
have reliable information both about the distributions over transverse momentum 
and about its average value and its dependence on the energy and nature of the 
primary and secondary particles, on the emission angles of the secondary parti- 
cles, as well as  on other parameters of the interaction. 

From these points of view, it is expedient to 
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The distribution of transverse momenta and its average value do not 
change much as the primary particle energy chwges, and in a narrow range 
of primary energies this change can be neglected. In this case the PI distri- 
bution can be used to determine the energy of the secondary particles in those 
cases when the direct energy measurement is impossible and there is only 
information about the particle emission angles (see Chapter 6). 

2. Distribution . . . of - . Transverse .. . . - . - . Momenta . . . . . 
_ .  

2.1 .  Methods of . determining - .transverse - - __ - - momentum __ -. - T - -.- 

In accordance with the definition of transverse momentum pl=psin0, i t  is 
necessary to know the total particle momentum p and its emission angle 8. 

/194 To measure the total momentum one usually uses one of the following - 
methods, thoroughly described in Chapter 6: a) by the curvature of particle 
tracks in a magnetic field; b) by multiple Coulomb scattering; c) by electromag- 
netic cascades from 1’-quanta arising in the decay of no-mesons; d) from the 
angle of divergence of the components of the pair (c’e-) formed by a 1’ -quantum 
from the decay of a @()-meson; d) by the Castagnoli method-from the emission 
angles of secondary charged particles. The most reliable data are  based on 
measurements of momenta of secondary particles from the curvature of tracks 
in a magnetic field, multiple scattering, and electromagnetic cascades from 
Y -quanta. 

Determination of the emission angle of secondary particles 8 requires first 
of all information about the direction of motion of the primary particle. In 
those cases when this direction is known, the minimum angle which can be deter- 
mined in a Wilson chamber is of the order 10-2 rad, and in photoemulsions of 
the order 10-5 rad. But i f  the direction of the primary particle is unknown, 
which happens when the primary particle is neutral o r  when the point of origin 
of the shower lies outside the limits of the experimental apparatus, then the 
e r ror  in the emission angle of secondary particles becomes significant and is 
determined by the e r ror  in choosing the direction of the primary particle (see 
Chapter 9). 

2 . 2 .  Experimental material 

Of the large number of experimental cosmic ray experiments we analyzed 
primarily those in which there were definite data on the energy and nature both 
of the primary and of tlie secondary particles 14, 139, 154, 161, 172, 176, 216, 
222, 246-2501. The energy of the primary particle was considered specified if it 
could be measured from the total energy of the secondary particles registered 
by the apparatus. To such works belong those of [216, 246, 2601, which were 
done with the aid of a Wilson chamber in a magnetic field, in which the momenta 
of secondary charged particles were measured. The energy of the primary 
particles in these experiments was not high (less than 200 Gev). 

156 



111 - 

Experiments with emulsion piles 1149, 154, 222, 249-251, 2591 were 
included in the examination when the energy of the primary particles could be 
estimated from the energies of the secondary charged particles measured by 
multiple or  relative scattering. 

All events with energy greater than lo3  GeV were registered in emulsion 
chambers [139, 176, 252-2561 o r  by the controlled photoemulsion method 2571. 
In these experiments the energy of the primary particles was determined from 
electromagnetic cascades from photons or  with ionization calorimeters. 

Usually in the study of interactions in emulsion chambers it is taken that 
the energy of the primary particle Eo= (7- lO)2E, . The coefficient 10 in such 
an estimate overestimates the primary energy (see Chapter 2). If we take these 
effects into account, which a re  associated with the choice of events with high 
inelasticities a then the energy of the primary particles will be not greater 
than 6 E 4 .  Below, in the analysis of the dependence of transverse momentum 
on energy, use will be made of this energy estimate. 

0’ 

In the examined papers we selected data on the transverse momenta of 
particles of specific nature: neutral pions produced in electromagnetic cascades 
from photons or  by the photons themselves; charged pions identified by the 
method of multiple scattering o r  from the sign of charge; neutral secondary 
particles that produce nuclear interactions. 

In addition to the results of experiments with cosmic particles we examined 
results obtained in accelerators [ 309, 262-266 1. These were used primarily 
to clarify the dependence of the transverse momenta on the mass of, the secon- 
dary particles and on the energy of the primaries. 
the examined experimental material. 

Tables 45 and 46 summarize 

2.3. Forms of the distributions . of -_ transverse . - -  momenta 
. .  _ -  . 

The form of the distribution of transverse momenta has been considered 
in many papers, both in the region of acclerator energies [194, 244, 265, 266, 
2681 and a t  energies 
[154, 195, 268, 2711. 
on the various parameters of the collision (on the energy and nature of the pri- 
mary particles, on the nature of the secondary particles, on the lmultiplicity, 
etc. ), the experimental results are  best differentiated into groups that bring 
together events with the same o r  closely similar properties. 

100 GeV [269, 270, 2681 and higher than 1000 GeV, 
In order to analyze the dependence of the PI distribution 

On the other hand, for quantitative estimates it is convenient to find an 
approximation of the experimental PI distributions in some suitable analytical 
form that is somehow related with the theories of strong interactions. Usually, 
the following forms of analytical expressions a re  analyzed 194, 240, 271, 2721. 

a. The Planck law describes the momentum distribution of secondary par- 
ticles obtained in the Fermi-Landau theory l18 , 126 1 : 
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TABLE 45. RESULTS OBTAINEDIN COSMIC RAYS 

600 

1400 

-3000 

3003 

3163 
f 50 

f 64 

f 70 
3003 

2000 

5000 
~ 

3655 

4U7* 
f 3 0  

+ 32 - _  

Nature of secon- 
daries andmeane 

-of determination- 
X- by sign of chargc 

X* b y  ionization an 

Method/z$* 
Type of 
interaction 

n. a. -A1 
n. a. -C 

n. a. -C 
n. a. -par- 

affin 
n. a. -LiH 

,* jcurvaturep . 
magnetic ield 

200 

2 50 

H- by sign of chargc 

d- not identified w. c. 

p-n cleus 
o!! em. 

n.a - 
nucleus of em 

p. e.p.1 200 by ionization 
=* .* 1 and scattering 

:.f by ionization 
and scattering 

,f by ionization 
and scattering 

nf by ionization 
and scattering 

- 

Photons 

1 500 P.e,-P. I 

P. e. P 

P. e. P 

P. e. P 

N-nucleus 
of em. 

p-nucl eus 
of em. 

n. a. -nucleus 
of em. 

n. a. -nucleus 
of em. 

n. a. -light 
nucleus 

p. e. po 
__ - 

no by photons e. c. 

- 
no by photons n. a. -C 3.  p. e, 

e. c. n. a. -C i o  by photons 

f 5u 

- 

4.10' 300f n. a. -nucleus 
in a i r  

e. c. Photons 

no by photons 

by photons 

Photons 

~ 

:o by photons 

~~ 

no a. -C e. c. 

e. c. 
-- 

- -~ 
e. c. 

n. a. -nucleus 
in a i r  

i ~~ . 

n. a. -heavy 
nucleus 

Photons 
photons 

Notes: n. a. -nuclear-active particles ( n ,  N, CY); 
W. c. -Wilson chamber; 
p. e. p. -photoemulsion pile; 
e. c. -emulsion chamber; 
c. p. e. -controlled photoemulsion. 
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Type of ~ 

interaction, 

TABLE 46. RESULTS OF EXPERIMENTS 
IN ACCELERATORS 

Pions 
Baryons 
Pions Baryons 

I2W 
(averaged 

data) 

. -~ 

---p 

n-- -p 

p nucleus 
n, >, 5 

pand 7~ 
with nuclei 

~ of p.e. - - 

P-P 

a -  

pand T 
(with light 
nuclei 
- 

- 

Method 

c. p. e. 

c. p. e. 

Iydrogen 
:hamber 

e- 

Iydrogen 
:hamber 

c. p. e. 

-~ _ _ _  

P. e 

- .. 

p. e. 

W.C. and 
p. e. 

___ 

- .  

<Ea> I 

G€?V 

3,5 

4,2  

10 

- 

10 

14 

17 

19,8 

e 6  

6+30 

1 1 1  
232 

142 
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300 *20 
- 

320f 10 
370 f20 
470 *20 
530 f 30 
580 c 6 1  

300 
390 
390 

295t  16 
373&51 
394 f 3: 

200+11 
220 41 
310*31 

154 
217 

Refer- 
cles 

Pions 
Nucleons 
Pions 
Nucleons 

x 
12631 K t  P 

I 

where 
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where a2 is a Besselfunction of the second kind. After integration of (7.1) 
the azimuthal angles cp and the longitudinal momenta p u  we arrive at  the pL 
distribution 

where %, is a Bessel function. 

The average value of the transverse momentum is 

over 

( 7 . 3 )  

In the Fermi theory T in (7.2) in understood as the initial temperature of 
the system in a state of statistical equilibrium, whereas in the Landau theory 
T is the finite temperature of the system at the moment of its divergence, and 
the hydrodynamic velocity of the elements of the system is not taken into account. 

A calculation of the three-dimensional state of disintegration of a hydro- 
dynamic system was made by Milekhin [2721. 
affected by this; there arise only small quantitative corrections which need to be 
kept in mind at very high energies of the primary particles (greater than 1014 eV). 

The qualitative results a re  not 

Unfortunately, the other existing theories of strong interaction do not give 
definite predictions about the form of the transverse momentum distribution. 
Therefore the agreement with the Landau theory that is observed in certain cases 
does not yet mean that it should be given perference. 

under the condition E>>kT. If in (7.1)  we neglect unity compared with exp ( - e / k T ) ,  
the distribution takes the form 

b. A linear exponential distribution* i s  obtained from the Planck distribution 

/199 

.~ . . . .  . .  . .  . .  * 
According to accepted terminology, a linear exponential distribution i s  

a distribution of the Boltzmann type, and a quadratic exponential distribution is 
one of the Rayleigh type. However, the second distribution is frequently called 
the Boltzmann distribution [266, 2711. Because of this confusion, we shall 
name these distributions in accordance with the degree of pL in the exponent 
(linear or quadratic). 
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Integrating this expression over cp and p11, we obtain: 

(7.4) 

(7.5) 
p o  = kT!c; < p I > = 2 p 0 .  

c. Quadratic exponential distribution is formally obtained from (7.4) with /200 
2 

the assumption E zp9+ pI+p:l , which is valid for the non-relativistic case. 

It has the form 
2P 

( 7 . 6 )  
p i  = 2kTpP.  

_- 
<P,> = +PO. 

The last two forms of distribution may be considered as independent ones, 
not partaking of any of the thermodynamic significance included in the Planck law. 

Thus, based on quantum-mechanical considerations and assuming that the 
probability of spatial distribution of particles inside the interaction region is 
described by a wave packet, Takibayev et al. P441 showed that fo r  elastic pro- 
cesses the distribution of pI has the quadratic exponential form 

In this case it is possible to find the rms size of the interaction region (in the 
plane perpendicular to the direction of motion of the colliding particles): 



I I l l  I l l  

2.4. Differential distribution - of transverse momenta - -  - 

Examples of the differential experimental distributions of transverse momenta 
of secondary pions are shown in Fig. 49 for three energy ranges of the primary 
particles. 

/201 In order to check which of the above described analytical expressions best - 
describes the experiment, we shall present a graphical analysis of the xx 
distributions. 

Figure 49. Differential Distributions of 
Transverse Momenta of Secondary Pions 
for Three Energy Ranges of Primary Parti- 

cle s : 
a-m103 GeV, <P,> xt, o -(37o-c6) MeV/c [271j ; 
b--<~~>=40 GeV, aL>+ 5 - ( ~ J O - C I O )  MeV/c 12461 ; 

c--E0=z5 GeV, <PL>= 2 -(2w-c14) MeV/c [2651. 

Consider the integral distributions of transverse momenta. For the linear 

, and for the quadratic 
OD -FLIP* 

exponential form we have F ( >pL) = j pa (p,) dp,  =:e 
P I  

W -P:lP2 
exponential distribution, F ( >pL)   PI = ~k ( P ~ )  dpL = e o . The linear 

P I  , 

/203 - 
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Figure 50. 
verse Momenta p of Secondary Pions: 
f--E0<6 GeV 12661; A - 6 < E o < 3 0  GeV 12661; 
O--E~>IW GeV [2711; O - E ~ - I O ~  GeV h681; 
- -Calculated According to the Landau 
Theory with Allowance for the Hydrodynamic 
Velocity of Dispersal of the System-Eo=IO'GeV, 

Integral Distributions of Trans- 

Trmz c'. 

exponential distribution is given by a straight line in coordinates IgF(>p,) with 
10% accuracy, because of the logarithmic term of the formlog( $+ 11, and the 
quadratic exponential form by a straight line in coordinates logF ( > & I .  In Fig. 50 
a re  given the experimental pL distributions for secondary pions in these two 
representations. The figure caption cites the reference used in constructing the 
curves. 

The results of calculations based on hydrodynamic theory, taken from 
Milekhin and Rozental [2401, are  indicated in the figures by solid lines. The 
theoretical curves pertain to a primary energy Eo = 1015 eV and temperature 
~ = m  3. n 
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The integral p L  distributions for pions obtained experimentally fall well on 
a straight line in coordinates IgF ( > p l ) .  The experimental results represented 
in the form log F (>&) do not give straight lines. 

The form of the distribution is practically maintained over the whole range 
of considered energies (from 6 to 106 GeV). Some change in the slope of the 
integral -PL distributions with a change in energy of the primary particles is 
evidence for a change in the parameters entering into the distribution: the 
average and most probable values of PI. 

A similar analysis of PI distributions for secondary pions was made by 
Fowler and Perkins [2681, both in the region of moderate energies 25-300 GeV, 
and at  energies of 103 to 106 GeV. They concluded that for transverse momenta 
in the interval 0.1 to 1.5 GeV/c the results a r e  well described by the linear 
exponential distribution at any primary particle energy (Fig. 51, a, b). 

Figure 51. Differential Distributions of Transverse 
Momenta Obtained in Different Investigations: 

a-For Secondary Pions; b-For Photons. 

A similar result was obtained by Imaeda et  al. L2711, who analyzed all three 
p I distributions considered in the preceding subsection by the method of maximum 
probability. These authors chose from among the interactions with primary 
energies greater than 1000 GeV available in world statistics, the transverse 
momenta of strictly identified secondary particles. The differential distribution 
of pL obtained by this means is shown in Fig, 49, a, from which it is seen that 
within the limits of experimental e r ror  i t  agrees with the corresponding curve 
calculated on the basis of hydrodynamic theory (smooth curve). 
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- ~ -. 
C P l ’ .  =PI*’ 
MeV/c MeV/c 

The squares in Fig. 50 represent the P I  distribution for one case, arising 
from a primary particle. with energy Eo-  I06 GeV and registered in an emulsion 
chamber by Fowler et al. [2681. The shower contains about 150 photons. The 
distribution for this shower coincides with the distribution obtained from the 

particles (solid curve). Thus, at super-high energies of primary particles the 
experimental results on p L  distributions for pions do not contradict hydrodynamic 
theory. 

/205 Landau theory with allowance for the hydrodynamic velocity of dispersal of the - 

“*/<PI> 
Reference 

2.5. Distributions of PI for different particles 

A dependence of the form of distributions of transverse momenta on the 
nature of the secondary particles in the region of moderate energies was observed 
by Friedlander [266, 2731. The maximum probability method of analyzing the 
distributions of transverse momenta of secondary pions, kaons, protons, and 
hypersons showed that the PI distribution for secondary baryons is better described 
by a quadratic exponential dependence (see Fig. 52). The integral distribution for 
baryons gives a straight line in coordinates p:. 

Thus a difference is observed in the PI distributions for pions and baryons. 
The first is described by a linear exponential and the second by a quadratic ex- 
ponential function. The difference appears also in the average characteristics 
of these distributions, which is illustrated by Table 47 for two intervals of 
primary particle energy. 

224k4 

332&5 

TABLE 47. AVERAGE VALUES OF TRANSVERSE 
MOMENTA FOR PIONS AND BARYONS 

151 k 3  

177+4 

E ” ,  

GeV 

Pions 

Baryons 

Pions 

Baryons 

- .  

(6 

- 

6 i  30 

1241 

1268 

1251 

665 

306,t6 

423k9 

222k4 0,726k0.019 1228, 238. 

238k6 0.526k0.022 [155, 277, 
1238. 263, 
228, 282) 

275-2 SO] 

*‘PA - standard deviation. 

The observed difference between the distributions of transverse momenta 
of pions and baryons can be treated in two ways. 

The first explanation, associated with the recognition of the existence of 
two different kinds of PI distribution (linear and quadratic), must entail the 
assertion that pions and baryons arise as the result of different processes. 

/207 - 
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Figure 52. Integral Distribution o< 
Secondary Baryons with Respect to 

Transverse Momentum: 

a-For Secondary Baryons Formed 
by Primary Particles with Energies 
from 6 to 30 GeV; l-Quadratic Ex- 
ponential Distribution (7.7) ; 2-Lin- 
ear Exponential Distribution (7.5); 
b-For Secondary Nucleons from 
Primary Particles; 3-With Energy 
E& GeV; 4-The Same for Parti- 
cles with Energy 6 < ~ ~ < 3 0  GeV; 
5-The Same for Secondary Hy- 
persons Formed by Particles With 
Energies From 6 to 30 GeV. 

The second approach, proposed by 
Friedlander [2661, is based on the 
assumption that the quadratic exponential 
form of the distribution, which describes 
the PI distribution for baryons, is the 
basic form. It is acceptable for the 
description of the distribution of secon- 
dary particles of any kind, including 
pions. Then, since the Pldistribution 
for pions in cordinates logff ( > p i )  does 
not fall  one one straight line, Friedlander 
proposes to represent it in the form of 
a superposition of two lines having dif- 
ferent slopes (TI and 0 2 .  In this case one 
can speak of the existence of two com- 
ponents in the p I  distribution for pions. 
These components must have different 
sources. If the fraction of one of these 
components with respect to the other is 
a, the transverse momentum distri- 
bution law for pions will have the form 

and the corresponding integral distri- 
bution 

+ aexp [--$I. (7.10) 

If there really a re  two components in the distribution of the transverse 
momenta of pions, then the question arises whether both components are  present 
in each act of production, o r  there a re  two different processes for the creation 
of pions. 

The same author has shown I2731 that there is a better basis for accepting - /208 
the existence of two different processes for pion production. 
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It is extremely likely that the pattern sketched here really takes place. 
However, i t  is not clear to us how well based the initial assumption about the 
quadratic exponential distribution being the fundamental one is. May not this 
function be a convenient, but accidental mathematical approximation of some 
unknown true law? 

2.6. Size of the interaction region 

In a number of accelerator experiments /238,  244, 2451 it has been shown 

This 
that the distribution of transverse momenta of elastically scattered protons 
coincides with the distribution for protons arising in inelastic processes. 
fact, interesting enough in itself, together with the quadratic exponential form of 
the pI distribution established for protons, permits us to find the rms dimension 
of the interaction region not only in the case of elastic but also of inelastic pro- 
cesses [2451. Using (7.8), we find <r2>*/  -0.6-0.4 F for <P,>= (330-420) 
MeV/c. 

2.7. Dependence of the transverse 
momentum distribution on the 
nature of the primary particles 

The distribution of the transverse 
momenta of secondary pions is sensitive 
to the nature of the primary particles. 
Figure 53 shows the P I  distributions for 
pions arising from pions and from protons 
at one and the same energy for the pri- 

1 I I I I mary particles. The difference in the 
ff 42 44 46 4 8 p , 4 f y 2  slopes of the straight lines joining the 

experimental points is evidence for the 
dependence of the PI distribution on the 
nature of the primary particle. 

Figure 53. Integral P~ Distri- 
bution for Pions Formed by 
Protons (1) and Pions (2); 6<E0<30 

GeV. The same tendency to a harder 
spectrum of secondary pions arising 
from "primary" pions is also observed 

in an examination of momenta spectra (Chapter 6) .  

3. Dependence ~ . - - . - - ..- . . of . -. the .. . Average . - . . . . -. . Magnitudes . . . . . . . . of Transverse _ _ - -  Momentum 
---_ on the Energy _._ ~ -~ and - -  - Natbre-of . - the - - - . Colliding . . . . Particles 

3.1 .  Dependence of the average value of transverse momentum on energy 
--____---I - .-I--- . . -  

In the first approximation i t  seems that the average value of transverse 
momentum P I  is independent of the energy of the primary particle. Existing 
experimental data show a very large scatter of the average values at nearby 
values of the energies of the primary particles. However, a discriminating 
approach to the available results a s  manifested in a strict selection of events 
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with identified secondary particles and with reliable determination of the pri- 
mary energy, leads us to the conclusion that there is a weak dependence of the 
average transverse momentum of pions on the energy of the primary particle. 
This result was obtained on examination of extensive experimental data, beginning 
with accelerator energies and ending with the highest energies encountered in 
cosmic rays. 

Table 45 and Fig. 54 show the experimental results. The straight line in 
Fig. 54 represents the dependence of pL on Eo obtained on the basis of hydro- 
dynamic theory. 

/210 In the region of low energies of the primary particles from 3.5 to 10 GeV, - 
the average transverse momentum increases sharply (approximately threefold). 
In the next interval of energy (from 10 to 106 GeV), an extent of five orders of 
magnitude, the average value of transverse momentum increases by only a - factor of 2. 

7 I0 ID3 

Figure 54. Dependence of the Average Transverse 
Momenta of Secondary Pions on the Energy of the Pri- 

mary Particle: 

L --Results of the Averaging of the Transverse Mo- 
Genta of Reliably Identified Pions from a Large 
Number of Experiments with Nearby Values of the 
Energies of the Primary Particles. The Straight 
Line is the Result of the Calculation Based on the 

- 

Hydrodynamic Theory. 

3.2. The average value of transverse momentum for particles of different kind 

The dependence of PI on the nature of the secondary particles is well estab- 

- __ - _- - .  .. 

lished in the region of accelerator energies. 

Tables 46 and 47 give the results of measurement of <p,> for particles of 
different mass. A large amount of statistical material shows that as  the mass 
of the secondary particle increases, so does its average transverse momentum. 
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In cosmic rays similar data have been obtained with a lower degree of 
reliability. In [ 1721, at primary particle energies of about 100 GeV, it was 
found with the aid of-a Wilson chamber in a magnetic field that the transverse 
momenta for pions (307 
tically identical. Kim [ 1541, working with photoemulsions and at energies - lo3 GeV, found that <pL>x=~(300+7)  MeV/c, < p L > ~ =  (330* 10) MeV/c, and 
< p I  >p= (350k 1 1 ) MeV/c. The average values of the transverse momenta differ, 
but within the limits of the statistical accuracy of the measurements. In this 
work one hyperon with transverse momentum pL = 1300 MeV/c was registered. 

emulsions, determined the transverse momenta of secondary neutral particles. 
h these cases the energy of the secondaries was estimated by the Castangnoli 
method from the emission angles of third-generation particles. The average 
values of the transverse momenta for the neutral particles turned out to be 
very high and different (1400 f 200) and 2065 ;t 900) MeV/c. In part, the 
anomalously high values could have been obtained as  a consequence of the use 
of the Castagnoli method for determining the energy (see Chapter 2). 

26) MeV/c and for kaons (310 sf; 44) MeV/c are  prac- 
/211 - 

In [ 149, 1611, Australian and Bristol groups of physicists, using photo- 

370k50 - 1465*320 2065k903 
303270 330*100 350*110 - 
- - - 1400j1200 

360 - 900 - 

It should be mentioned that the hydrodynamic theory of Landau predicts a 
considerable increase in transverse momentum with the mass of the particles. 
Table 48 gives the average values of the transverse momenta of secondary 
particles of various kinds calculated on the basis of hydrodynamic theory and 
taken from work on cosmic rays [149, 154, 1611. 

[I491 
I 1  541 
l lSl]  

Calulation [283] 

TABLE 48. AVERAGE VALUES <p,>t  

MeV/c , FOR E,,? 1000 GeV 

The statistical accuracy and possible statistical errors  of meqsurement do 
not as  yet permit making definite conclusions about the transverse momenta of 
heavy secondary particles at super-high energies. 

3 .3 .  Anomalous _ _  - values - - - - of - - the - - transverse momenta of secondary particles 

La1 et al. [221 observed events with anomalously low values of transverse 
momentum in a total absorption spectrometer. The primary particles in these 
cases were pions, identified with the aid of a gaseous Cherenkov counter. The 
average energy of thepions was 30 GeV. The interactions were registered in 
a multi-plate Wilson chamber. The transverse momenta of photons were mea- 
sured by the electromagnetic cascades in lead plates. A group of events with 
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low multiplicity of charged particles could be isolated, in which < p I > ,  =1(79&9) 
MeV/c, which corresponds to <pL >,*x 160 MeV/c. 

The authors supposed that in these cases there was a peripheral collision 
of a pion with a target nucleon. 

Anomalously high values of transverse momentum of photons are observed 
in cosmic ray experiments with photoemulsion piles and chambers 1253, 2541. 

Kazuno 253 1 investigated a nuclear interaction arising from a primary 
particle with energy - lo5 GeV in collision with the nucleus of an air atom and 
containing 65 charged particles and 34 electromagnetic cascades. The distri- 
bution of the transverse momenta of secondary TO-mesons was observed ex- 

tending to values of -2 GeV/c. A photon with pI=- (2.9&::,9) GeV/c was registered. 

The study of nuclear interactions of superhigh energy in an emulsion chamber 
has shown the possibility of the origination of heavy formations having excessively 
high transverse momenta. Nishimura /254] reports that such a super-heavy 
agglomerate, produced in a nuclear interaction with primary energy of 105 GeV, 
has a total transverse momentum relative to the primary surviving nucleon 
equal to - 4  GeV/c. Evidently, the origination of photons (or no-mesons) with 
anomalously high values of transverse momentum is connected with the formation 
in cosmic showers of particles with high mass that obtain a high transverse mo- 
mentum when created. 

3.4. Dependence r se  momenta of particles on their emission . .  . - .  - /213 zizrr-- 
The dependence of the transverse momenta on emission angle of secondary 

particles was investigated both in accelerators [ 130, 284-2861 and in cosmic 
rays [148, 287-2891. 

A large amount of statistical material was used by Boos et al. [2851 - 1536 
pions formed in r - N  interactions at  an energy of 7 . 5  GeV. They decided that the 
observed weak dependence of PI on angle 8 can be explained by the conservation 
law for momentum. There exists a certain limiting angle el, depending on the 

energy of the primary particle, beginning with which the conditions imposed by 
the conservation laws will not come into play. 

Thus, in the region of cosmic energies i t  may be assumed that PI should 
remain practically invariant with angle for 0>30’ on account of the limitations 
coming out of the momentum conservation law. Investigations of the function 
pL (0) at primary energies E not in excess of 300 GeV are in agreement with 

the conclusion that the relation that exists is completely determined by the 
momentum conservation law c2871. 

0 

In the region of super-high energies greater than 103 GeV, Fowler et al. 
[2681 obtained data on the change of the transverse momenta of photons as a 
function of their emission angles and detected a tendency toward a decrease in 
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TABLE 49. DEPENDENCE PI in the region of the smallest angles 

connected with the conservation laws. 
OF el ON Eo (e< rad), which, evidently, is also 

I 7.5 1 20 I 100 1 300 I 1000 
GeV 

/2 14 3.5 .  Conclusion - 1 7 O  1 2°30' 1 31' I Io' I 3' 
The analysis we have made shows that the 

distributions of transverse momenta are  due 
to the mechanism of production of particles in 

O1 

nuclear interactions. At the same time the average values of transverse momentum 
change slightly with change in energy and emission angle of the secondary parti- 
cles and hence can be utilized for the determination of the energies of the secon- 
dary particles. The dependence of the average value of transverse momentum on 
the mass of the secondary particles is the strongest of all. This circumstance is 
of important in the region of very high energies, where the possibility of particle 
identification is limited and the proportion of heavy particles among the secon- 
daries can be large. The considerable lack of coordination in the experimental 
results on transverse momenta in the region of high energy is probably a conse- 
quence of this dependence. 
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CHAPTER 8 

COEFFICIENTS OF ELASTICITY 

1. Definitions 

In the investigation of the interactions of cosmic nuclear-active particles 
with nucleons all events in which electron-nuclear cascades arise are  con- 
sidered to be inelastic. 

Thus, the characteristic feature of an inelastic interaction is the formation 
of new particles-pions, kaons, nucleon-antinucleon pairs, etc. From this 
point of view the splitting of an atomic nucleus is a quasi-elastic process, to 
use the terminology introduced for interaction cross sections (Chapter 4). 

As a measure of the degree of inelasticity we have the coefficient of in- 
elasticity K,  which is defined as the fraction of the total energy of the colliding 
particles that is expended in the formation of newly created particles in a single 
interaction act: 

Here ~i are  the energies of the secondary newly created particles in the L 
system, and E is the total energy of the colliding particles. 0 

In the case of a symmetrical collision K is invariant under Lorentz trans- 
formations (see Chapter 2): 

K = KC = KM, 

where K 

The inelasticity in the mirror system at high energies (Eo>nzc2) is equal to the 
fraction of the energy of the target nucleon that is lost in the formation of new 
particles. Hence if the primary and target nucleons expend their energy unequally, 
R 
interaction, nucleon-nucleon collisions a re  symmetric only on the average. 

and KM are the inelasticities in the C and mirror systems respectively. C 

# K, and the collision will not be symmetrical. If there is such a pattern of M 

/215 - 
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There are  two approaches to determining K. The first depends on Eq. (8.1) 
and the second on a measurement of the recoil nucleon. 

Let us consider the inelasticity in the mirror system and express it in terms 
of the parameters of particles in the L system: 

where m2 is the mass of the target, and Yo_ is the Lorentz factor of the transition 
from the L system to the mirror system. A very important peculiarity of (8.2) 
is its independence on the Lorentz factor Yo and consequently on the energy of the 
primary particle. For the nucleon-nucleon collision we have 

where K and KM are  the average inelasticities in the L and M systems. If the 

energy of the two colliding particles after interaction is known, the inelasticity 
can be determined as the difference between the initial and final energies. The 
situation is simplified by the fact that in the L system the energy of the recoil 
nucleon is small, whereas it is the energy of the primary nucleon that is small 
in the M system. Then 

where P I  is the coefficient of inelasticity of the primary nucleon, i. e. , the 
fraction of energy which it retains after collision. The quantity f31 is some- 
times called the conservation parameter. In the mirror system 

(m is the mass of the target, 8 2  is the inelasticity of the target). Thus, K' 

characterizes the energy loss of the primary particle and Kh, of the target 
particle. 

2 

In the case of the nucleon-nucleus collision Eq. (8.4) cannot be used, since 
it is difficult to identify the recoil nucleon. Equation (8.3) includes the energy 
of quasi-elastic processes, but Eqs. (8.1) and (8 .2)  do not. In the range of 
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cosmic energies the difference is not large, but at 10 GeV it can amount to 10%. 
For a more detailed description of the process, people use partial coefficients of 
inelasticity, which take into account the distribution of energy among the various 
secondary particles. We shall symbolize the partial coefficients by the letter cv 
with different subscripts: cvO-the fraction of energy expended in the formation of 
photons (principally via the decay of a TO-meson); a+-the fraction of the energy 

of charged pions; cv -the fraction of energy of kaons;  the fraction of 
energy of protons; UnZfJn-the fraction of energy of neutrons; cy -the fraction of 

energy taken by strongly ionizing particles. In the case of the statistical 
mechanism of creation of particles definite relations exist between the partial 
coefficients: 

- 
K 

si 

(8.5) 
1 
2 <act> = -<a*>; 

It should be emphasized that these relations are  valid only on the average. In 
individual cases considerable fluctuations in the ratios ads* andadaK+. a re  
possible. 

Sometimes as a result of collision a nucleon is excited to the state of an 
isobar or hyperon. In the f ind  state after the passage of sufficient time (which 
in the case of an isobar is close to nuclear) we have again to do with the nucleon 
and mesons. However, in order to emphasize the specifics of this process, the 

/217 coefficient K is divided into two parts: K = K1 + K2 142, 290, 2911. - 
The term K1 describes that part of the energy that is transferred to secon- 

dary particles as  the result of the process of multiple production of the statistical 
type. Since the specific mechanism of such processes is not clear, they are  fre- 
quently labeled "ionization, t )  understanding by this the collection of all processes 
of multiple generation of relatively low-energy particles. 

The second part (K2) is associated with the formation of mesons from the 

decay of isobars. These pions may have a very high energy, if the isobar is 
sufficiently heavy. Pions from the decay of hyperons of high energy appear far 
from the point of interaction and in practice are  not included in the coefficient of 
inelasticity. 

A somewhat different definition of the coefficient of inelasticity is introduced 
in the study of the interaction of pions with nucleons and nuclei. In this case the 
secondary particles a re  indistinguishable and we cannot say which of the secon- 
dary pions is the surviving primary. However, on the basis of the conclusions 
of Chapter 6 about the presence of an energetically isolated secondary pion in the 
T-N collision, we define the coefficient of inelasticity for pions as  the fraction of 
the primary energy taken by all secondary pions except the one of highest energy. 
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The majority of theoretical models of interaction do not give precise pre- 
dictions relative to the magnitude of K. 

In peripheral models, the inelasticity depends on which Feynman diagram is 
presumed to describe the process. In certain cases it is small, in others i t  
increases with energy. 

In the isobaric model K depends on what the mass of the created isobar is 
supposed to be. Heavy isobars with mass M can indeed explain high inelasticities. 
The isobar 3/2, 3/2 (M = 1236 MeV) decays to give a pion that bears away on the 
average about 20% of the energy of the isobar. 

In the hydrodynamic theory of multiple production, the collision process is 
completely inelastic. However, in a number of cases regeneration of a nucleon 
of high energy is possible, andfrom thepoint of view of determining K from the 
formulas (8.1)-(8.4) there is some elasticity. The average inelasticity is then 
equal to 0.87 [191. 

Sometimes i t  is assumed that the interaction process goes according to the /218 
Landau theory; however nucleons expend only a portion of their energy in the 
creation of the excited system [2911. 
pressure of experiment and there is no theory involved in them. 

Such assumptions were made under the 

2. Measurement of Inelasticity 

The experimental determination of inelasticity is based on Eqs. (8.1)-(8.4). 
Equations (8.1) and (8.2) indicate that in each individual case it is necessary to 
measure the energy of all particles, both charged and neutral, but this cannot be 
done yet. 

Use of Eq. (8.4) simplifies the problem. In this case it is necessary to find 
the recoil nucleon. It rather frequently has moderate energy, which can be deter- 
mined by scattering. This approach, which is good for nucleon-nucleon collisions, 
leads directly to the magnitude of the mirror inelasticity. 
possible to estimate the energy of a nucleon emitted in the forward direction at a 
small angle and to obtain the laboratory inelasticity K. 

In rare  cases it is 

In all other cases one studies the partial coefficients CY. 

a. Measurement of the coefficient at + zK+ and c1' -With a Wilson chamber 
0' -_ 

in a magnetic field it is possible to measure particles with energy to 30-40 GeV. 
This means that for a primary energy of 100 GeV one can determine the momenta 
of all charged particles of the outer cone and a great number of those of the inner 
cone. At higher energies the number of unmeasurable particles increases. In 
a nucleon-nucleon collision the surviving primary nucleon will, as a rule, have 
a very high momentum. However, if the primary energy is known from ionization 
calorimeter data, for example, then the unmeasureability of the surviving nucleon 
cannot be an obstacle in the determination of or. 
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If the energies of all newly created particles can be measured, then it is 
possible to obtain both the laboratory and the mirror partial coefficients a*+aK-+. 

In the mirror system 

is 
un 

“ C  r, ( s t -  pic cos 9,) 
i = I  - =R,M. 

m2c2 
(a* + a K f ) M  = 

In the laboratory system 

If the shower has only one unmeasureable particle (besides the nucleon), it 
already impossible to determine the inelasticity in the L system, since the 
measured particle might make the principal contribution to X E i .  This particle 

gives the smallest contribution to aN, and errors  in the determination of aM can 

arise if the geometry of the Wilson chamber precludes the observation of particles 
at large angles. 

Obviously, i t  is convenient to use the Wilson chamber also for the deter- 
mination of a*:,+a~--, (in the C system). 

This quantity in the case of the N-N collision is 

It should be noted that the inelasticity in the C system does not depend on the 
determination of the primary energy. 

In all these cases it is assumed that there a re  only pions among the secon- 
dary particles. Actually, about 20% of these particles are  kaons. Hence, a 
small indeterminacy arises in the determination of 01 associated with the fact 

that the momentum and angular distribution of kaons is different from those of 
pions. 

I 

/219 

In measurements in photoemulsions and in Wilson chambers without magnetic 
f idd the momenta of the secondary particles a re  unknown. Then one uses the 
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constancy of the average transverse momentum, its weak dependence on the 
particle emission angle and on energy. 

Since only the sum of the energies of the secondary particles is of value for 
the determination of inelasticity, the conditions for the applicability of the method 
a re  well fulfilled (see Chapter 6 ) .  In this case 

- /220 

(8.10) 

The quantity <p,> can be taken from Tables 45 and 46. 

It is also possible to use the average energy in the C system <e,> for the 
determination of inelasticity (see Chapter 6). In this case 

Here EOC is the total energy of the colliding partic,es in the C system, and nc 

is the number of newly created charged particles. In calculating cy it is again 
assumed that <e,> is the same for pions and kaons. On the average, it is 
possible to account for the difference by assuming that the fraction of kaons is 
20% (see Chapter 5). This method depends strongly on errors  in determining 
the energy of the primary particle. When the energy of the primary particle is 
known, one may use the data of Tables 39-42 for the determination of a. 

The partial coefficient a is determined from the known energy of the pri- 0 
mary particle and the total energy of the photons arising in the interaction. The 
latter is measured from electromagnetic cascades (see Chapter 6 ,  Section 1). 

b. Distribution of total inelasticity. -The measurement of the distribution of 
total inelasticity-in an accelerator is usually based on the study of .the recoil nucleon. 
This opens up interesting possibilities. 

In the case of the pion-nucleon collision, by transforming the momentum and 
angle of the observed recoil proton to the mirror system we find the parameters 
of the collision of the proton with a free .rr-meson corresponding to a primary 
energy of the proton: 
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(E is the energy of the primary pion in the L system). If there exists a 
peripheral collision of the proton with an “almost real” pion in the pion cloud 
of the target nucleon, then at  proton energies - 120 GeV the parameters of this 
interaction will be the same as  for the pion-nucleon collision in the mirror 
system at 20 GeV. The distribution of total inelasticity for the nucleon in such 
a collision is obtained directly from the spectrum of recoil nucleons in the 
mirror system (Fig. 55). 

0 
- /221 

0 42 44 46 48 iOX,- 

Figure 55. Distribution of 
Total Coefficients of Inelasti- 

ci.ty: 

a-In p-p Collision for 25 
GeV 1901 ; b-In Collisions 
of Neutral Nuclear-Ac tive 
Particles with Energy of the 
Order of 400 GeV with Car- 
bon Nuclei; c-In Collisions 
of Neutral-Active Particles 
E p  400 GeV) with Iron 
Nuclei; d-In the Mirror 
Coordinate System for f-p 

Collisions [ 235 1 . 

The distribution of total inelasticity KM, 

which has two maxima at  KM = 0.3 and KM = 

0.7,  was obtained by this method [219, 2351. 
Hence, all events can be divided into two 
groups with KAr< 0.5 and Kw>Y).5. Cases of 
high multiplicity are  found mainly in the second 
group, and for small multiplicity, values with 
KM>0,5 and KM<0.5 are  encountered. A sharp 
asymmetry in pion emission is observed in the 
group with Kw<0,5 In the C system, 3.8 times 
as many pions a re  emitted forwards as back- 
wards. There is no asymmetry in the KM<0.5 
group. The basic properties of these two 
types of event a re  given in Table 50. 

The authors assume that events with 
Kw>0.5 are  well described by the statistical 
theory developed by Barashenkov [2921. 
Some of the cases with KM<0.5 can probably 
be explained by the creation of isobars. 

In the proton-proton collision the spectrum 
of nucleons in the C system does not give the 
possibility of establishing the distribution of 
inelasticity. However, for one special case, 
when events involving the creation of hyperons 
are  chosen, their energy spectrum in the C. 
system permits finding the distribution of KC, 
since in the majority of cases only one of the 
nucleons converts to a hyperon. 

/222 - 

The energy distribution of hyperons in the 
C system for the p-p collision (Eo = 25 GeV) 

was obtained by DeMarko Trabucco et al. [1901. 
The inelasticity is 

where E is the hyperon energy. YC 
This distribution is represented in Fig. 55a. 
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TABLE 50. CHARACTERISTICS OF EVENTS 
WITH DIFFERENT KM 

<0,5 

>0.5 

Angular Number 
distribution 

2.51t0.2 0.58 Sharp collimation 0.3 128 I 1 0.68 86 3.5k0-3 0 Isotropic 
forward 

backward, respectively, in the C system. 

In the cosmic energy region there is very little data on the distribution of 
total inelasticity. 

At an energy of about 400 GeV the distribution of K was obtained with the aid 
of an ionization calorimeter in an analysis of the form of the nuclear-cascade 
curves (see Chapter 6-spectrum of secondary protons) [2021. The K distri- 
bution in the laboratory system is shown in Fig. 55 for the case of collision of 
primary nucleons with carbon and iron nuclei. In the latter case the distribution 
was obtained indirectly. 

In the investigation of the collision of nuclear-active particles with iron 
nuclei nuclear cascades with a single maximum were observed in 15% of the 
cases (Fig. 42). The form of these cascades is evidence of the transfer of the 
main portion of the energy after interaction to xO-mesons. Starting from 
isotopic invariance, it is necessary to assume that in another 30% of the cases 
the principal part of the energy is carried by charged pions. Thus, in half of 
the events the collision is almost completely inelastic, i. e. , central. If in the 
remaining noncentral collisions the K distribution is the same as in collisions 
with light nuclei, then we have the distribution shown in Fig. 55c. 

With the assumptions we obtain the maximum possible estimate of the 
fraction of central collisions. 

The minimum estimate may be found by assuming that the observed events 
with very large CY exhaust all the cases of central collisions. Then the total 

fraction of such events is 15%. 
0 

The method of analysis of the K distribution considered above gives ex- 
tremely important results, since in the given case we see the means of deter- 
mining the nature of the particle surviving after collision. 

It is known that the hydrodynamic theory predicts the appearance of a 
secondary pion carrying the principal portion of the primary energy. Hence the 
experimental proof of the existence of such a pion in nucleon-nucleus collisions 
at high energies could serve as  a weighty qualitative argument in favor of 
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hydrodynamic theory. If hydrodynamic properties appear only in the collision of 
nucleons with nuclei [ Z O O 1  , the analysis of the nature of the emitted particle 
of high energy by the photoemulsion technique does not give the result, since 
the recoil nucleon, in the ordinary sense of this term, is absent, and the mirror 
system is not defined in the case of a collision with a nucleus. In photoemulsion 
work the particle of high energy emitted at a small angle is taken to be a nucleon. 

- 
Nature 

ticle 
ofpar- p’  p p p P 

KAf 0.71 0.250.770.59 -0.09 0.7€0.220.760,200.71 

\ 

Identification of the recoil nucleon is carried out for cases with N,tG2,  i. e. , 
mainly for nucleon-nucleon collisions o r  collisions with the periphery of a 
nucleus. 

We already mentioned in Chapter 6 the work of Kim 1541, in which the 
recoil proton was identified with energies of the primary nucleon in the thousands 
of GeV. As follows from Eq. (8.4), there is no necessity to know the exact value 
of the primary energy in order to determine KM from the recoil nucleon. 

for 11 identified baryons. 
/224 Table 51 gives the results of the determination of KM obtained in this work - 

Aver- 
age* P P P P P Y  

0.283..52* I 0.16 
. .  

TABLE 51. THE MAGNITUDE O F  KM FOR 

IDENTIFIED BARYONS 

* 
Without the value - 0.09. 

Brook et al. [961 determined the spectrum of nucleons in the L system by an 
indirect method. (see Chapter 6). The analytical approximation to the spectrum 
found by the authors makes i t  possible to obtain the distribution of K =  I-pp. We 
shall not stop to consider here the work of Daniel et al. [2321 on the identification 
of the surviving baryon, since the energy of the baryon in this work was deter- 
mined from the angular distribution of secondary interactions, and the most 
energetic particle was always assumed to be a baryon. 

All of the results considered above show that the inelasticity both on light as 
well as  on heavy nuclei is characterized by considerable fluctuations, and in the 
collision of nucleons with light nuclei K, in the majority of cases, is significantly 
less than 1. The size of the fluctuation, which is characterized by the rms 

deviation, equals <2>”’- K. Still greater fluctuations of the total inelasticity 
were observed in work completed under the leadership of Zhdanov [2931. Colli- 
sions of protons of energy 25 GeV with the periphery of nuclei in the emulsion 
were studied, since stars were chosen with N h G 2  and AJg<-I. A magnetic field 
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made it possible to measure the momenta of all charged particles. From the 
momentum balance the energy borne by 7to-mesons could also be established. 
In all cases when as a result of collision the primary proton did not experience 
charge transfer, the distribution of total inelasticity had two maxima (at K<0.1 
and K-0.75). - /225 

c. Possible sources of the strong fluctuation of the total inelasticity. -The 
fluctuations of K obviously coincide with the fluctuations of the energy of the sur- 
viving particle. Often, large fluctuations in K a re  associated with the existence 
of two types of interaction, peripheral and central 1219, 235, 2923. In peripheral 
collisions there occurs an exchange of one or several mesons. In such collisions 
the nucleon can sometimes retain almost all the primary energy. If several 
virtual mesons participate in the interaction, the loss of energy by the nucleon 
generally increases. Cases when there is a multipion interaction o r  exhange of 
heavy mesons are  almost indistinguishable from central collisions. 

existence of a particle isolated in energy [2941. The nature of this particle may 
vary, and the average energy reaches one-half the initial value. When the most 
energetic particle is a nucleon, K will be distributed about its average value 
<K> = l -<P>.  According to estimates 12941 , the fraction of such cases amounts 
to 10%. It should also be kept in  mind that the nucleon emitted as the highest 
energy particle from the hydrodynamic system will have a higher energy than a 
pion situated under the same conditions [ 1501. 

The hydrodynamic theory with a travelling wave explains rather well the 

Thus, hydrodynamics predicts a K distribution of the following type: 80% 
events have K close to unity, and in the remaining 20% of the cases K is distri- 
buted about the average value <K> < 0.5 with rms  deviation 

Comparing this conclusion with the distribution of K for light nuclei (Fig. 55), 
we see that only a small number of events is included in the interval 0.8-1.0, 
and consequently hydrodynamic processes give a small contribution. 

In the collision of nucleons with heavy nuclei the situation may be different. 

Gerasimova et al. [2951 obtained the energy distribution of the'fastest parti- /226 - 
cle (in the framework of the hydrodynamic model): 

n=O 
m 

where h= 2 ( T h  is the critical temperature, a parameter of the theory), K2 is a 
mx 
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modified Bessel function of the second kind, and,Y is the Lorentz factor of the 
particle in the L system. 

6.4 
0.60 
0.5 

10.9, 
0.49+ 

When Tk-mz c* the experimental distribution of the energy of the fastest 
particle agrees with that calculated from the formula above. 

10 
1.3 
0.5 

3. Average Values of the Inelasticity ~~ 

1.5 
0.35 
0.56 

3.1. Collisions of nucleons with nucleons and-nuclei .. __ 

The average values of the inelasticity in the p-N collision can be obtained 
starting from the quantities <nc> and <ec> (see Figs. 27 and 48). In the 
region of energies to 50 GeV the average multiplicity increases almost propor- 
tionally to Yc: Consequently, the average inelasticity in the C system 

2.75 
0.45 
0.5 

(8.11) 

will depend weakly on energy, since <ec> grows very weakly in this region. As 
the energy increases above 100 GeV, <ec> also increases, but simultaneously 
the increase of <nc> slows down, and as a result <K> does not change (Table 52). 

TABLE 52. DEPENDENCE OF tK>lON /227 

<Ec> 
< K c >  < csco > 
t K >  

ENERGY Eo 
- 

31 

- 
3.8 
0.50 
0.5 

- 
0 000 

16 
2 3  
0.5 

* 
These data pertain to Eo = 28 GeV r2961 , 

with <pix> = 0 .28  GeV/c; in [ 2961 the value 

<pL> = 0.38 GeV/c was used and tie. was ob- 
tained equal to 0.66. 

The average value of K can also be obtained from < , D ~ >  using the formula 

(8.12) 
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o r  

3 <csco. > <K> = - 2 - < p L > < n c > - d ~ - - .  
2 (Yc - 1) 

(8.13) 

The results for accelerator energies a re  given in the same Table 52. 

In order for the quantity < K > ,  obtained from these formulas to remain 
constant for Eo> 100 GeV, it is necessary that <csc€Ii,> - increase with energy 
as  y;l2 o r  somewhat faster. 

3.2. Results of direct measurements of average inelasticity 

Table 53 gives the results of measurements of <K>for the collision of 
nucleons of various energies with light nuclei and with nucleons. 
this table, we used only those data in which the energy of the primary particle 
was determined by reliable methods. 

In constructing 

The table illustrates the constancy of the inelasticity within the accuracy 
limits of 10-15% up to energies of several thousand GeV. 

TABLE 53. MEASUREMENTS OF <h'> IN THE 
INTERACTION OF NUCLEONS WITH LIGHT 

NUCLEI AND NUCLEONS 

Eo.GeT 
__ __ 

3 
6 .2  
9 

9 
24 
25 

25 
27 
27 
27 
25 

40-250 
70-700 
> 100 
200 
250 

400 - 1090 

30 003 

Type of 
collision 

.~ .. . __ 

P - P  
P -  P 
P - N  

P - N  
P - N  
P -  P 

P-C 
P - P  
P-n 
P-  P 
P - N  
P - C  

(n, P I - c  
(r, P I - c  

(3, N)-LiH 
A ' - ~ . M  

N - C  
N - N  

N - N  

- -____ 

CKC> o r '  
< K c > ,  
< h-.M > 

0.55 
0.49 * 0.05 
0.28 20 .  05 

0.33 + 0.44 
0.47 * 0.05 
0.45 5 0.03 

0.43*0.07 
0.38 * 0.04 
0.41 iO.05 

0.49 

0.48 *O. OS 

.0.33 
0.4920.1 

0.55 2 0.05 
0 .5  

0.43 

0 .6020.2  

0.23*0,01 

( - 0 . 6 )  

Remarks 

Form& (8.11) 
Fhotpemulsion 
Photoemulsion 
< K c > ,  formula 

(8.4) 
3<ao > 

Formula (8.11) 

llowance made for 
the difference in the 
spectra of a - and 
KO-mesons <i<> ~ 0 . 4 6  
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In addition to the results presented in the table, there a re  data on inelasticities 
. obtained in the fragmentation of primary nuclei 125, 38, 931 , where the inelasti- 

city was estimated from formula (8.3). In these papers the primary energy is 
known (see Chapter 2); however, the energy of the secondary surviving baryon is 
estimated by the Castagnoli method, and the most energetic particle is assumed 
to be a nucleon. It is difficult to estimate the error  introduced by such an 
assumption, but it is obviously not large, since the results agree with the data 
in Table 52 ( < K > - 0 0 , 5 ) .  

The value <ao> 0,3 was found in [2971 without accounting for nuclear 
splittings in the measured ionization of the electron -photon cascade as well a s  
the interactions of primary pions, To obtain the true magnitude of <K> the 
same corrections as in [ 3041 were introduced. 

The inelasticities in the collision of nucleons with heavy nuclei has not been 
studied as well. If in the nucleon-nucleus collision the quantity <ec> is the 
same as in nucleon-nucleon collisions , and ,<n,> increases in proportion to 
A0.15+0.05, then in the first  approximation the average inelasticity increases as  
Ao.-15&o.05. In fact, <sc>  decreases with increasing A and <K> varies more 
slowly. 

accelerator energies. 
The dependence of <K> on A was determined by Hoffmann et al. [3061 at 

Results obtained from (8.12) for Nh = 0.1  and Nh = 7 show a difference in 
inelasticity of at most 10% (at 23 GeV) [2961. 

According to La1 et  al. [ 3021 , there is almost no difference in the quantities 
<ao> for collisions of nucleons with carbon and copper nuclei. Azimov et al. 
13031 found <ao> for carbon to be 1.35 times less than for copper, which agrees 
with the conclusions of Erofeyeva et al. [ 3041, although the absolute values of 
< I ( >  in these papers are the same. 

Lohrman et al. [241 did not observe any difference in <K> for collisions 
with N,,<5 and N , , 3 5 .  Thus, in the high-energy region the data on the dependence 
of <K> on A are  contradictory. 

At accelerator energies a significant portion of the primary particle energy 
is expended in the excitation and splitting of the nucleus. 
passing through the 'nucleus give up part of their enegry to nucleons, and so the 
increase of < K >  due to an increase in the number of interactions of the nucleon 
in the nucleus can to a certain extent be compensated by the energy lost by the 
pions. The next table gives the energy balance in the collision of a ilucleon with 
heavy emulsion nuclei. In 1581, from which Table 54 was taken, cases with 
iV,i>8 (Eo=25 GeV) were selected for analysis, 

Secondary pions 

/229 

It follows from this table that slow particles take about 10% of the energy of 
the primary particle, and high-energy pions take 42 f 4%. The total inelasticity, 
including all the energy lost by the nucleon, is 0.52, i. e. , no different from that 
observed for nucleon-nucleon collisions. 
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At an energy of 9 GeV in .proton-nuclues collisions in emulsion, about 4 
GeV is given to mesons (44% of the primary energy), i. e. , as  much as  at  24 GeV. 

1.850.2 
I 

Very slow 
slow 

(eic0.34) 

(0.34 .. I cp,<0.7) 

relation 3<ao> = < K >  fulfilled. 
0.OT9*0.0C)9 

The collision of primary nuclei with photoemulsion nuclei was studied by 
Lohrman et al. 241 Abraham et al. [ 381, Rybicki [ 3071, andLoktionov et al. [ 308 1 .  

In [241 the average value t K >  was found equal to 0.22 L- 0.05, which is 
approximately one-half that for the nucleon-nucleon collision. 
well with the conclusions of Chapter 6 ,  where it was shown that on the average 
about half the nucleons of a nucleus interact in a collision of nuclei. Abraham 
et al. [381 and Rybicki [307] determined <K>. using similar methods. 
energy of the primary particle is measured by some reliable means according to 
relative scattering or by the method of Castagnoli for nuclear disruption. 
energy of the secondary nucleon of high energy is estimated by the Castagnoli 
method, the application of which to the present case, when the secondary parti- 
cles have a broad energy distribution, is not so valid. In agreement with the 

preceding results ___ - 0.5, where A A is the number of nucleons of the nucleus 
that have interacted. 

This result agrees 

The 
- /231 

The 

< K >  
AA 

The very weak dependence of <K> on A can be explained on the basis of 
a hypothesis put forward by Zatsepin [3111. According to it, the nucleon loses 
its meson 'boatf' at the moment of collision and upon further motion through the 
nucleus interacts with nucleons with a cross section of the order of the dimensions 
of the nuclear kernel ( R  - f i , / inpc ) .  The meson cloud is restored in a time sufficiently 
long for the nucleon to leave the nucleus. 
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3.3. Use  of the Castagnoli method- . - _ -  

Use of the Castagnoli method for energy determination leads to an apparent 
decrease in inelasticity with energy. Direct measurements of inelasticity has 
shown that its magnitude remains constant over a wide energy interval. However 
there is a large number of papers in which a fall of <I(> with energy is observed 
[6, 162, 216, 220, 309, 3101. They ;ill used the Castagnoli method. Under these 
conditions the fall of inelasticity in the laboratory coordinate system as  a function 
of measured energy is not unexpected, and the reason for i t  is explained in 
Chapter 1 (see Section 1.12). 

However, in many investigations inelasticity is determined in the C system, 
and it does not depend on the magnitude of the measured primary energy. For 
the nucleon-nucleon collision 

(8.14) 

and at f irst  sight it seems that there should be no distortion of the values of Kc. 

about for different reasons. In the majority of papers formula (8.14) is not used 
for the determination of Kc, but others, based on model representations. For 
example, formula (6.16) is used and it is assumed that < E ~ >  is independent of 
energy. Thus errors  are  introduced on account of the assumption of the invariance 
of <e,> and distortions in the measured energy, since in this case TC enters ex- 
plicity into the formula for K 

In experiment, the appearance of a dependence of <Kc> on energy is brought /232 

C’ 

To explain the drop in Kc, i t  was proposed 1981 that the velocity of the center 
of emission increases with increasing l’c and that <E,> is-a c_onstant not in the C 
system, but in the emission-center system. Then <ec> = “ < E > ,  where 
<&> is the average energy of pions in the emission-center system, and V is its 
Lorentz factor relative to the C system. If it  is assumed that T-y:’’ , then it 
follows from (6.15a) that Kc will be approximately constant. On the basis of a 

similar model Imaeda [61 determined Kc with allowance for the Lorentz factor y, 

measured in the experiment from the angular distribution: 

(8.14a) 

(8.15) 
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where y~ and Yz are the Lorentz factors of the two centers of pion emission in 
the L system. 

As a result of Imaeda‘s work, one concludes that Kc, as calculated from 
(8.14a), decreases with increasing energy 17.. The Lorentz factor 7 increases 
with an increase in the measured energy E 

n the greater 1?, and therefore there is a compensation of the factors n and -s’ S 
Y in (8.14a), and <Kc> does not grow with increasing ‘c 

but at the same time, the smaller - S’ 

The drop of <&>with energy in this work, as well as in others where the 
energy of the primary was determined by the Castagnoli method, is easily ex- 
plained by the statistical character of the connection between YC and VS and the 
registration threshold, which for the events selected by Imaeda was about 50 to 
I00 GeV. If one uses Eq. (1.12), which establishes the relation between the 
average measured and true inelasticities, then it is easy to calculate the energy 
dependence of <K> , given the value of the selection threshold E O ( E O =  50-100 
GeV) , the index of the spectrum of generated particles y-1=2, and the dispersion 
of the distribution 1’. about yc. 

- /233 

The results of such a calculation a re  shown in Fig. 2, together with the ex- 
perimental data, whereby we find explanation not only for the fall of <K> with 
energy as measured by the Castagnoli method, but also for the unreasonably 
large values K> 1 obtained in experiments close to the threshold. 

It is more difficult to establish the reasons for the decrease of <K> with 
energy in the experiments of Fretter and Hansen [ 3121 , since they used (8.14), 
which is free from the errors  of the Castagnoli method. We can say the following. 
In measurements with a Wilson chamber in a magnetic field cases are  usually 
observed in which one o r  several particles a re  unmeasurable, p i > 4 0  GeV. These 
particles do not give a significant contribution to the magnitude of Kc. However, 

if events with. unmeasurable particles are  excluded from consideration, <Kc> is 
underestimated, since this effect is strongest of all at the highest energies, where 
the quantity of unmeasured particles is particularly large. 

The correlation between the magnitude of Kc in individual cases and the 
difference between ys and yc can lead to the same effect. If the difference in 1’~ 
and yc is greater for small Kc, then events with small Kc will be importa.nt in 
the region of high ys and there will be an apparent decrease in <K,> with energy. 

Thus, the analysis of these papers shows that the change in inelasticity with 

In the H-quantum model developed by Hasegawa et al. [3131, it is assumed 

energy obtained in them is explainable on the basis of their methodology. 

that the mass of the generated particle agglomerates M - 2172, is a constant and 
that their energies are quantized in the C system. The inelasticity decreases 
with energy in this model: 
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The summation is carried out over all H-quanta. Since y=const, we have /234 - 

K , - - Y ,  
' I C  

where v is the number of H-quanta, which is determined from the features of 
the angular distribution (see Chapter 9). In Hasegawa's model the inelasticity 
for each number 1' decreases with energy; however, the magnitude of Y increases 
with energy. 

3.4. Inelasticity of the pion-nucleus collision 

In the study of pion-nucleus o r  pion-nucleon collisions the inelasticity of the 
interaction is different in the L and M systems. As was shown in a number of 
experiments that have already been mentioned, the nucleon in the 7r-N collision 
moves backwards in the C system, and the pion forwards. In the M system the 
collimation of nucleons is naturally enhanced. Experiments by Grote et al. [2351 

E;.u - q 7 A f  

E;.M 
- =0.5, where E' and E" are  the 

Pm PM 
at 7.5 GeV showed that < K M >  = 

energies of the proton before and after collision in the mirror coordinate system. 
By studying T-N collisions a t  4.5 GeV, Malhotra [3141 arrived at a similar con- 
clusion regarding the inelasticity of the nucleon. Thus, the nucleon in the C 
system after collision continues i ts  motion in the initial direction, retaining about 
one half its energy. 
rays. 

Malhotra [3141 studied the question of the conservation of the pion in the 
T-N collision at 4.5 GeV and found that in events with small multiplicity the 
primary pion, as a rule, is conserved and bears a significant portion of the pri- 
mary energy. This same conclusion was obtained from a consideration of the 
spectra of secondary pions in pion-nucleon collisions (Chapter 6 ,  Section 2.5). 
Conservation of pions after collision was observed also by Walker [3151 , 
FriedlSinder et al. [I911 and Goldsack et al. 12371 intheinterval of primary 
energies of the pions from 5 to 16 GeV. Similar experiments were also set up 
for the study of the sharply collimated forward no-mesons arising, evidently, 
as a result of the inelastic charge exchange of the surviving pion, n-+nO+ other 
pions. Kelson and Yekutieli [3161 found that at an energy of the primary ?:'-me- 
sons Eo = 4.2 GeV about 10% of the photons occur on account of the emission of 

a sharply collimated r0-meson. Similar data were obtained by Friedliinder l'1911, 
who found sharply collimated forward ro-mesons ( O < S O  at 7.5 GeV of n-) that 
were created by primary pions and not by protons, which also speaks for the 
charge exchange mechanism in the formation of TO-mesons. These phenomena 

Similar investigations have not been carried out in cosmic 
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occur principally when the multiplicity of secondary particles is low. 
sence of this mechanism should lead to sharp fluctuations in the partial coef- 
ficient of inelasticity in pion-nucleon collisions. 

The pre- 

According to data of Brook et al. [961, obtained from a comparison of the 
free path lengths of absorption and interaction of pions in the atmosphere, the 
pion retains about 40% of its energy after collision. Lf the pion is sometimes 
emitted in the form of a To-meson as the result of charge exchange, then the 
energy retained by the energetically isolated pion is still greater. 

Malhotra 13141 obtained the distribution of the number of pions bearing 
away a fraction of the primary energy in excess of u = ER/Eo.in the n'-p collision 
at 4 . 5  GeV. The results are presented in Table 55 (n 
per interaction which have a fraction of the energy greater than u). 

is the number of pions 
71 

TABLE 55. AVERAGE NUMBER OF SECONDARY 
PIONS TAKING DIFFERENT FRACTIONS O F  

THE PRIMARY PARTICLE ENERGY 
- ._ - _ -  ~ 

u 1 0:: I 0 . 4 0 -  1 _-0:50 I 0.60- 1 0 . 8 0  

The average multiplicity of charged pions in this experiment < 1 i C +  > = I .93+ 
0.12, including nc = 0 .  

In cases with high multiplicity no energetically isolated pion is observed. 

Hoffmann et al. [1481 studied the interaction of x--mesons with Eo= 14 GeV 

with heavy nuclei of the emulsion (selection iV,, 2 8 ) .  The momenta were measured 
with the aid of a magnetic field. 
charged secondary pions was 0.29 0.02. About 12% of the energy is expended 
in the formation of slow particles, mainly products of nuclear fragmentation, 
and relativistic nucleons take at most only 2% of the energy in the L system. In 
this case, as also in pion-nucleon collisions, pions are observed which take more 
than 30% of the initial energy. Such pions a re  encountered in 20% of all interactions. 
In 5% of the events there a re  particles with u>0.6. 

/236 

The fraction of energy borne off by all negatively 

Thus, in the collision of a pion with a nucleus, the energy of the primary 
particle is divided up more strongly than in the n-N collision. 
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4. Partial Coefficients .. of .- Inelasticity 

4.1. The coefficient a& 

carried away by different sorts of secondary particles. We shall examine only 
papers with +freliable" measurements of energy. 

We shall discuss some of the results concerning the fraction of energy 

A measurement of at energies in the hundreds of GeV was made by Guseva 
et al. [1431 and Lohrman et al. /241 (Fig. 56). At €o* 3000 GeV the fraction of 
energy expended in the formation of secondary charged particles was studied by 
Koshiba et al. [201. The distribution of a* has a maximum at a&- 0.15-0.20 in 
the case of nucleon-nucleon collisions and is strongly smeared out in nucleon- 
nucleus collisions. 

4.2. The coefficient a. 

The distribution of a has qualitatively the same character. Figure 57 shows 0 
the distribution a. in carbon, according to data of Azimov et al. [3031. It was 

obtained with the aid of a calorimeter with Cherenkov counters a s  detectors. 
The distribution of a in the interaction of nuclear-active particles on mountains 

[ 3041, in which it was possible to distinguish charged from neutral primary parti- 
cles. Assuming that protons and neutrons interact identically, it was possible 
statistically to isolate cases of the interaction of pions with energies in the 
hundreds of GeV and obtain the distribution of a. in interactions of pions with 

nuclei. The average value of a. was found to equal <a@> = 0.15-0.20 in the 
interaction of nucleons with nuclei of carbon and'<ao> = 0.26 & 0.03 for the in- 
teraction in iron. These magnitudes agree with the results of measurements 
of <K>. 

0 
/237 with nucleiof carbon, iron, and lead is given in Fig. 58, according to data of - 

/238 - 

In the distribution of a for pions, attention is drawn to the group of events 

with very high values of a3>0.6. 
0 

4.3. The existence of events with a high transmission of energy to y-photons 

These phenomena were first  observed in cosmic rays by means of the 
ionization calorimeter [3171. It turned out that in 10% of the collisions of 
nuclear-active particles with energy -60.0 GeV with iron nuclei, c40>O,6. Subse- 
quently, the question of the existence of events with a0>O.6 was very widely dis- 
cussed. A significant amount of material containing arguments supporting the 
existence of such acts was obtained in the papers of Grigorov et al. [52, 2061 
using the method of controlled emulsions. 

/239 - 

They studied the pulses in the upper rows of ionization chambers (I and 11, 
Fig. 15c), which correspond to an energy evolution, exceeding 140, 350 and 500 
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Figure 56. Distribution of Partial Coefficients 
of Inelasticity a : 

3000 GeV 1201. 
a--Eo=200 GeV C26OI; b-Eo-250 GeV 1243; C--E~= 

GeV in different series of experiments. 
target of thickness 60 g/cm2. With the aid of a detector of the energy of the secon- 
dary particles, which consisted of a thick graphite filter (210 g/cm2), i t  was 
possible to estimate the energy of the surviving nuclear-active particles. In the 
experiment it was found that in the majority of cases the evolution of energy in 
the graphite target was insignificant, and consequently the coefficient u0 for the 
first  act has a high magnitude (a0>O.6). The fraction of such events (after allowing 
for the probability of their specific selection) is as  high as 10%. In a number of 
cases it was possible to find the showers in the photoemulsions corresponding to 

Table 39. In this table events 1-9 have a0>0.6. 

The showers were  produced in a carbon 

/24 0 the registered pulses. Some of the properties of these showers a re  shown in - 

The total fraction of events with ao>O.6 (10%) obtained by Erofeyeva et al. [3041 
agrees with the results of the preceding paper. 

This pertains principally to two papers 1302, 3031. In the second of these a 
maximum value of ao-0.55 (EO> 150 GeV) was found using an ionization calorimeter 

However, in certain other papers interactions with ao>O.G. were not observed. 
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Figure 57. Distribution of Partial 
Coefficient of Inelasticity a0: 
a-For the Interaction of Nuclear- 

2 k ! 4 L E L  0 0.2 a4 0.6 0.8 a. 

Figure 58. Distribution of Partial 
CoefficieEts of Inelasticity a. C 304 I : 
a-For Interactions of Charged Pri- 
maries; b-Neutral Primaries: c-Dif- 
ference of the Distributions a and b; 
d-for the Interactions of Nuclear- 
Active Particles with Carbon Nuclei; 
e-the Same with Iron Nuclei; f-the 

Same with Lead Nuclei. 

with Cerenkov counters. In the first  

a total absorption spectrometer (TAS, 

Active Particles with Carbon 
Nuclei 13031 ; b-In Experiments 

with "Pulse" Set-Ups k205l. 3021, the interactions were studied in 

Chapter 3) ,  and again events with high 
a were not observed. The values of Q obtained were less than in other papers: 0 0 

<a,> = (9.2 5 1.2)0,6 for carbon; 
< l o  > = (8.1 & 1.4) 9; for copper. 

The lack of events with a0>0.6 in these papers may be due to certain methodo- 
logical reasons. For example, in the registration of nuclear interactions in a TAS 
it is required that the avalanche penetrate to depths corresponding to five inter- 
action path lengths [411. Events with a3>0.6 have very short cascades and will 
be lost in a system adjusted in this way. The electron-nuclear cascades will be even 
shorter in a set-up using Cherenkov counters, in which transition effects a r e  
important (see Chapter 6 ,  Section 1). It is also possible that in the selection of 
separate nuclear-active particles, pions, which are mainly responsible for the 
events with ao>0.6, are  excluded to a significant extent, if they enter more fre- 
quently than nucleons in the composition of air  showers. 

According to l3041, pions give events with large and small or with equal fre- 0 
quency. So great a fluctuation could be due to the mechanism already mentioned 
above, i. e. , charge exchange in the inelastic collision of pions with nuclei. 
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5. The Relation Between the Coefficients a. -- and a, 

In 1952, Watson [3181 showed from considerations of isotropic invariance 

_____ _ _  

that in the multiple production of mesons by a nucleon on a nucleus having an 
equal number of neutrons and protons, the distribution of energy among the 
various isotopic components of the mesons should, on the average, be uniform. 
Hence the often used relations K = 3  ao; K =  1.5 a*or K =  1.65 a* (with allowance 
for kaons) are  incorrect and pertain only to average values <K> and <a>. 
However, there a re  a number of reasons which might make these expression 
incorrect even on the average. In this, it needs to be remembered that in ex- 
periment one measures the energy of photons, and not of To-mesons, and the 
pionic origin of photons is a hypothesis requiring verification. The possibility 
of the violation of (8.5)  was pointed out by Feinberg in [200, 3191. 

In these papers the fraction of energy which can be given to photons by means 
of their direct production by fluctuations of electrical charge in hydrodynamic 
system was estimated. Later, quantitative estimates of the effect was made by 
Vernov and Sisakyan 13201. It was ascertained that the fraction of energy carried 
by photons for the indicated reason depends on the equation of state describing 
the excited system, and at high energies - 1014 eV can reach several tenths. This 
effect is particularly strongly manifested if the system is described by an equation 
of state of the Heisenberg type (c2=O),  since in this case the system exists for a 
relatively long time. 

Thus, this source of photons at  high energies is comparable with ionization. 

The existence of resonances, e. g. To-mesons, with preferential decay into 
no-mesons or photons also can change the relation (8 .5 )  [ 2021. 

Daibog [3211 made an estimate of the relation of the energy transferred to 
photons to the energy of charged particles with the assumption of SU(3) symmetry. 

In the limiting case of high energies, the following inequality was obtained, 
which is valid on the average with allowance for the qo-meson: 

0.76 < 5 < I .02. 
"+ 

Now, other resonances with decay into photons are known, and the inequality 
Finally, in the case of the interaction of primary 

/242 - 
can be revised in favor of cy 

pions with nuclei, the pion is frequently conserved. There is a definite probability 
for its inelastic charge exchange: 

0' 

R- +- N -+ xo -+ N + low-energy particles. 

If the probability of double charge exchange 
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Z- +- N -t z+ + N + low-energy particles 

is significantly less, then only two channels will compete: 

Certain indications in this respect a re  given by Beuini et  al. [ 3221 who 
studied the asymmetry of the dispersal of secondary pions with different signs of 
the charges in collision of ?T--mesons with nuclei in a propane bubble chamber. 

The asymmetry parameter a= nSp-nsn, which indicates the excess of particles 

emitted in the C system in the forward o r  backward hemisphere was found to be 
twice as great for T--mesons and 70-mesons than for nr'(+O. 57 2 0.12  for n-  
and no and +O.  28 2 0 . 1  for n'J. Thus, n-- and no-mesons are  strongly colli- 
mated forward and consequently have a higher energy than n'-mesons in the L 
system. 

nsr+ns, 

Consequently, there is some possibility of violating the relation (8 .5) ,  and 
its experimental testing can expose new properties of the interactions 1323, 2021. 

In the region of accelerator energies the relation of the energies of the 
neutral and charged pions for nucleon-nucleon collisions depends on the type of 
reaction studied. Galstyan et al. [ 293 1 studiea proton-nucleon interactions in 
emulsion at an energy of 25 GeV. It was found that in those conditions when 
the proton remains a proton after collision, i. e. does not undergo charge 
exchange, the relation is <ao/a*> - 1 for nonperipheral collisions. For peri- 
pheral collisions, in which the square of the four-dimensional transferred 
momentum is small, if only for one nucleon, a significant excess of neutral 
mesons is observed. In 1/3 of all cases (out of 21), <ao> =0.65 and <a&> = 
0.05 (in 5 cases there were generally no charged mesons). In 14 cases, <ao> = 
0.15 and <a*:> =0.50. Isobars were identified in this group of events. 

The average value < > for all peripheral interactions with a surviving 

proton, as also for the nonperipheral ones, is close to unity. However, in the 
case of the charge exchange p-fn,  positive charged particles should predominate 

f 

among the created particles, and the total relation <? > can be close to one- 
half. * 

In the region of cosmic energies the relation between CY and ar was investi- 0 
gated by Koshiba et al. [201. The total energy of the charged particles Ex+ was 
determined from their angular distribution with the assumption of <PI >, in- 
variance, and the energy of the no-mesons E 0 was determined from the electro- 

magnetic cascades. A s  a result, the correlation between E-+ 8.- and E,o could be 
7l 
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determined and their average ratio found. 
by the presence of a threshold for the registration of electromagnetic cascades, 
which was close to 400 GeV. In order to avoid this difficulty, the authors intro- 
duced a threshold for En* also, assuming the existence of the relation ,<E,* > = 
11<EZo>. By constructing the distribution of the ratio EZ,/E,. for different coef- 
ficients p ,  they found that value for which the distribution of the ratio was 
symmetrical about p .  

The situation, however, is complicated 

In these experiments they obtained p to be approximately 2, i. e., the 
relation (8.5) is fulfilled at energies - IO3 GeV. 

The authors applied the same method to the determination of the ratio 
<ao/a,t> for the collision of primary nulcei with 2 2 2  in emulsion and observed 
a magnitude of the ratio considerably less than one-half. However, the statisti- 
cal accuracy of this result is poor. 

A measurement of <ao!a*> was also carried out in [2021 with an ionization /244 
calorimeter at  200 GeV, and a value close to unity was found. However, it was 
found later that this result pertains, apparently, only to cases of the inter- 
action of primary pions [ 304 1. 

Thus, we can suppose that there are  two groups of events with different 
Q (Fig. 58c) appearing as  a consequence of the charge exchange of the most 
energetic surviving pion, and then the magnitude of a o / ~  is determined by the 
probability of this charge exchange. The ratio of the number of cases in the 
groups is of the order of unity. This may indicate the appearance of charged 
and neutral pions with equal frequency among the most energetic particles (see 
Section 5.1). 
pions in each group). 

0 

The statistical accuracy of the result is still not large (about 10 

A marked excess of photons was also observed in work of Femino et al. 
[ 3241, who investigated the collision of negative pions in an emulsion at 4.5 GeV. 

With respect to nucleon-nucleon collisions, apparently no deviations from 
(8.5) a re  observed up to 3000 GeV. 

Further investigations a re  necessary for final clarification of this matter. 

6. Conclusion 

The total coefficient of inelasticity < K >  shows a remarkable invariance over 
three orders of energy change. The quantity C K >  is related to many other 
characteristics of the interaction, such as the average energy of the secondary 
particles in the C system, the multiplicity, the angular distribution, and the 
average transverse momentum. All these parameters, with the exception of 
< p l > ,  vary strongly with energy (e. g. , < E ~ >  changes by a factor of ten in the 
interval of energies from 20 to 104 GeV), but their combination leads to an 
astonishing compensation of all changes in < K >  and hence to its invariance. This 
strongly suggests that the inelasticity < K >  is one of those fundamental param- 
eters of the elementary act that determine the behavior of all the rest. 
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CHAPTER 9 

ANGULAR DISTRIBUTION OF SECONDARY PARTICLES 

1. Introduction 

The angular distribution of the secondary particles arising in the process of 
multiple production is profoundly connected with the mechanism of interaction of 
the colliding particles. 

- /245 

Until recent times the investigation of the angular distribution of the secon- 
dary charged particles was the only method of estimating the energy of the pri- 
mary particles generating showers in photoemulsion. 

The study of the distribution of particles with respect to angle can be con- 
ducted in any of the five usually employed coordinate systems (see Chapter 2). 
However, the most graphic results a re  obtained in the systemof the coordinates 
of the center of mass of the colliding particles, where the conservation laws have 
the limiting simple form, or in the symmetric system, which in some cases 
coincides with the center-of-mass system. 

The symmetric system is used in experiments with the photoemulsion method 
because of the difficulties associated with the transformation to the C system. 
The indeterminacy in the measurement of the energy of the primary particle and 
the natures of the colliding particles do not allow one in these cases to determine 
the Lorentz factor of the center-of-mass system relative to the laboratory system. 

The same reasons lead to the necessity of examining the angular distribution 
of secondary particles using information about the angles in the laboratory co- 
ordinate system, but in doing this to choose an appropriate coordinate repre- 
sentation. Such a coordinate representation which reflects the features of the 
dispersal of the particles in the center-of-mass system is the distribution of 
particle tracks according to the scale x= lgtg 0. This is the so-called x-repre- 
sentation, which in individual events characterizes the angular distribution of 
charged particles in any system of taking readings. 
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2. Some Features of the X-Representation 

2.1. The differential x-remesentation 

/246 - 

The differential x-representation is frequently given in the form of vertical 
lines that mark the angles of emission of the charged particles on the x scale. 
This manner of representation is used in the study of the fine structure of the 
angular distributions in individual events. 

By summation over some interval one can obtain the differential form of 
the x-representation g (x) dx, which is approximated by an appropriate analyt- 
ical function. If particles in the C system are  dispersed isotropically, the differ- 
ential distribution over angle in the x-representation is close to a Gaussian with 
half-width ois = 0.39. If the dispersal of secondary particles after collision in 
the C system is anisotropic, the angular distribution in the x-representation in 
certain cases can again be approximated by a Gaussian, but with a halfwidth 
greater than that for isotropic dispersal. A more complex case is also possible, 
in which the angular distribution in the x-representation has to be approximated 
by the superposition of two or more Gaussian distributions. This case requires 
special interpretation and will be considered separately (see Sec. 4). 

Thus, in the study of the angular distribution an analysis of the form of the 
distribution in the x-representation is essential. In this analysis, a controlling 
characteristic of the angular distribution is the dispersion 02=< (x- <x>)~> .  
In more general form: 

The dispersion of the angular distribution is related to the index m o r  n for the 
approximation of the angular distribution by a cosine o r  sine function. A graph 
of the dependence of a on m and n is shown in Fig. 9 (Chapter 2). In this case 
the dispersion plays a greater role, since i t  is approximately invariant under 
Lorentz transformations. 

However, these properties of the x-representation can be used only in the 
examination of individual events. And, if it is required to carry out an average 
over many individual interactions, it is necessary to know the Lorentz factor 
of the coordinate system in which we desire to determine the angular distribution, 
and the scale A'= logtan 8 must be replaced by X= log y e  tan 8 (or X =  log yF tan e), which 
corresponds to normalization of the available events to a single value of the pri- 
mary energy (or to a single center of symmetry). Then the angular distribution 
of the secondary particles for a given group of events will be described by the 
function g(X)dX, to which all that has been said about g(x)dx also applies. 
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Figure 59 gives examples of the function g(x) 13291. 
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Figure 59. Differential Angular Distributions 
g(x) : 

l-for an Isotropic Angular Distribution; 
2-According to the Heisenberg Theory 11281 ; 
3-According to the Fermi Theory 11261 with 
QO=O. 959; 4-According to the Landau Theory 

[181, Eo = l o5  GeV. 

2.2. Integral form of . .-- the x-representation - 
OD 

The usual integral form of the x-representation F ( > x ) =  g ( x ) d x  is fre- 
quently replaced by an integral representation which is called the F-represen- 
tation [131 (see Chapter 2,  Section 2). In constructing the F-representation, 
the quantity F/(1-F) is plotted a s  the ordinate and x (or X) as the abscissa, 
where F is the fraction of particles emitted at angles less than 8, and l-F is the 
fraction emitted at  angles greater than 8. 

x 

The integral function of the angular distribution in the laboratory coordinate - /248 
system that corresponds unambiguously to a function in the C system (or S 
system) can be obtained by using the formula for transformation of angles (2.4). 
If the angular distribution of particles in the C system is isotropic, i. e. , 

then 

?C 8 
F (e,) = [ f (0,) de, = sin2 -E 2 

0 

or 

F 2 0, -=tan -. 
I - F  2 (9.1) 
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Let us determine the RHS of Eq. (9. l), using Eq. (2.4): 

In the special case P i e = P e ,  we obtain Eq. (2.54). 

Thus, for an isotropic angular distribution in the C system the F-represen- 
tation on a log-log plot will have the form of a straight line with a slope of 2. 
The line will pass through the origin if one is considering the dependence of 
F/(1-F) on X and will be shifted from the origin by the amount log y,, if the arw- 
ment is x. 

If p i c Z p c ,  then for an isotropic dispersal of secondary particles in the C 
system, the F-representation is different from a straight line (Fig. 60a). 

Lf the angular distribution of particles in the C system is anisotropic but 
symmetrical relative to a plane perpendicular to the direction of motion of the 
primary particle, then in the F-representation the function will also differ from 
a straight line with tan ‘p =2. For example, the angular distribution obtained in 
the Heisenberg theory [ 1281 is given in the F-representation by a straight line 
with tan g-= 1 (q- is the angle between the line and the axis of abscissas). The 
Fermi distribution [ 1261 is a line withtancp-1.3 (for an average collision param- 
eter). The angular distribution calculated on the basis of the Landau theory 1181- 
is a line having a slope in its central portion that is nearly 1. 

All these distributions a re  shown in Fig. 60 [3251. In this same figure we 
show the F-representation obtained from the phenomenological picture of the 
collision, which consists of the following. We assume that in the system of the 
center of mass of the colliding particles two agglomerates of excited material 
bl and bg are formed and move away from each other along the direction of 
motion of the primary particle. The Lorentz factors of these agglomerates 
relative to the C system equal y. Each agglomerate eventually disintegrates into 
individual particles that a re  emitted isotropically in the rest system of the 
agglomerate. 
F-representation is depicted by the curve drawn in Fig. 60f. 

The distribution of these particles with respect to angle in the 

This phenomenological treatment of collision, which arises as a result of 
the analysis of the angular distributions in showers registered in photoemulsion, 
was first given by Zatsepin in 1950. The mathematical description of this 
process, called the two-fireball model, was given independently by some 
Japanese physicists [326, 3271, as well as by Cocconi c3251 and a Polish- 
Czechoslovakian group [ 3281 . 

If the angular distribution of secondary particles in the C system has a 
cosine form and can be represented in the form 
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p 
-2 

- log tan B+log,& 
Figure 60. Integral Form of Angular 

a-for an Isotropic Distribution (Solid Line 
P i  = P,. Dashed B 
Heisenberg Theory; c-from the Fermi 
Theory with Average Collision Parameter 
ozO.959 (Solid Line), Dashed Line for a 
Central Collision; d-According to the 
Landau Theory for Eo = lo5 GeV; e-for 

the Approximation of the Angular Distri- 
bution in the C System in the Form 
COS ec d Q,; f-for the Two-Fireball Model, 

y-  loo. 

Distribution: 

L0.92. Pc); b-from the 

m 

- 

f (e,) dL', = A COS'" 0, sin 8, de,, 

/24 9 - 

then in going over to the F-representation we obtain a picture resembling the 
preceding one. The only difference is that in the region of angles in the C system 
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close to ~ / 2 ,  there are  no secondary particles, and as the degree of anisotropy m 
increases this region becomes larger according to the law (see Fig. 60e) 

(9.3) I 
AX- tan'(m + I ) .  

/251 In analyzing experimental data it is of interest to find out how the angular 
I 

distribution behaves as the mass of the colliding particles changes. Bozoki et al. 
[3291 have shown that the angular distribution calculated on the Landau theory 
for collisions of a nucleon with energy 103 GeV with different target particles 
becomes more and more isotropic as the mass of the target particle increases. 

3. Experimental Data on the Angular Distribution of 
Secondary Particles 

3.1.  Introduction 

The presently available cosmic ray experiments on the angular distribution 
of shower particles can be divided into two groups. 

The first group of investigations [328, 330-3431 , carried out with photoemulsion 
techniques, does not delay, as a rule, accurate data on the energy of the primary 
particle. Moreover, the angular distribution of the secondary charged particles 
is usually employed for its determination. The Castagnoli method used in these 
cases gives the Lorentz factor of the symmetric system. In this connection, 
the majority of the data on the angular distribution of secondary particles ob- 
tained by photoemulsion techniques pertains to the laboratory and symmetric co- 
ordinate systems. The exceptions are  [24, 381 , which investigate the char- 
acteristics of the interaction of nucleons formed in the fragmentation of primary 
nuclei (see Chapter 2). 

In the second group [22, 34, 1361 , arl ionization calorimeter o r  a TAS was 
used to determine the primary particle energy, and a Wilson chamber was used 
for the measurement of the angular distribution of secondary particles. In these 
papers the energy of the primary particle is measured independently of the angular 
distribution of the secondaries. Then, with certain assumptions about the nature 
of the colliding particles, it  is possible to find the Lorentz factor of the center- 
of-mass system and obtain a picture of the collision in this most informative co- 
ordinate system. 

/253 3 .2 .  Analysis of experimental results in the x-representation - 
First we shall consider the result of cosmic ray investigations using photo- 

emulsions exposed at high altitudes ( -  30 km). In this, we can figure that the 
showers registered in the photoemulsions are  produced by primary cosmic par- 
ticles: protons and heavy nuclei. 
gations. This consists mainly of papers in which the most voluminous. statistical 
material is collected. Data on the approximate energy rante of these events is 
also provided. 

Table 56 gives information about these investi- 
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The analysis of the 
form of the angular distri- 
butions in the x-representa- 
tion is most advantageous for 
individual events. In doing 
this, an accurate value of 
the energy of the primary 
particle may not be known. 

In Fig. 6 1  are  shown 
typical angular distributions 
of particles for individual 
events. The distribution in 
x (xi =logtan'8i), the differential 
distribution in x, g(x)d.c and 
the integral F-representation 
a re  shown for each shower. 
The events correspond to a 
narrow energy interval and 
have approximately the 
same multiplicity n The 

number of gray and black 
tracks Nh = 0 o r  1. In the 

selection of events no limi- 
tations of any kind were 
applied to the form of the 
angular distribution of the 
secondary particles. 

S' 

In analyzing the form of 
the differential distributions 
g(x)dx, it is seen that distri- 
butions having a single maxi- 
mum predominate. 

Polish physicists [ 344 1 
who had analyzed their own 
and foreign results concluded 
that angular distributions with 
a complex structure appear in 
approximately 2 0 $6 of the 
events with primary particle 
energy greater than 1000 GeV. 

The complex structure of the angular distributions will be analyzed when we con- 
sider the angular distributions in the symmetric system. 

The principal quantitative characteristic of the angular distribution is its 
dispersion 02= < (x - -<x>)z> .  Let us examine how the dispersion varies with 
changes in the interaction parameters, such as  the primary particle energy, 
multiplicity ns gf the shower particles, number of gray and black tracks Nh, and 

the angular distribution. 
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TABLE 56. NUMBER OF CASES WITH DIFFERENT 
Nh AND APPROXIMATE ENERGY RANGE 

OF PRIMARY PARTICLES 

Number of ~~~~~Y 
cases with Remarks Castag- different Nh 
- noli, Ge 

Author 
-. . 

Bozoki et al. 13301 I Nk&5--151 1 -  10-200 I Surveyofmany 

A'h.< 5-71 10-2.104 1 - I . 

. 1 -..___I_ Nh>5-20 .. 
Giyerula e t  al. [3341 N1~-:5-35 1~ > i o 3  I - 

Bartke et  al. [331, 

Giyerula e t  al. [3321 Nl,c5-45 1 9 0 3  1 Survey 

Barkow et d. 11241 - 

I N,*>8--6I - _ _ _ _ -  . -  333 I 

N,>5-23 - _ _ _  _ _ _  

Nh >5-19 

Energy of the pri- 
mary particles by 
multiple scattering 
of nucleons from 
disintegrating nuclei 

Lohrmann et al. [241 N 6 5 - 2 1  

-_ - 
Takibayev et  al. [1371l N,,.<T--~oo I 10?-106 I Survev 

I I 1 Nh>8--157 
u 

_____ 335, 3371 
Mishakova [ 3381 N r, :< 5 - 13 1 0 1  10' 

Nh >5-% 

Zhdanov [ 343 1 

I - 1 0 3 T  Showers from 
Abraham e t  al. [381 ,nucleons in nuclear 

fragmentation 

a. Dependence of (T on Y S  and E .-Figure 62 shows the correlation field of 
.he values of cr and YS (or Es). * It is seen that events a re  encountered having 

* 
Note that log'ys = --<xi > = -<log tan et >. See Chapter 2 to find how accurately 

.he energy of the primary particle Es can be determined by using the value of ys, 
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Figure 62. Dependence of the Dispersion of the 

1-Averaged; 2-Normalized 0 - Nh65; +-Nhb5);  a- 

Angular Distribution on y S  (or Es): 

Normalized Point. 

values of the dispersion belonging both to the isotropic and the anistropic types 
of angular distribution at any energy of the primary particle. 

An average over different energy intervals, separately fo r  events considered 
to be quasi-nucleon-nucleon ( N h < 5 )  and nucleon-nucleus (Nh> 5) shows that there 
is a tendency for the degree of anistropy to increase with increasing energy of the 
primary particle. The dashed line in the figure runs through the obtained de- 
pendence of <cr> on ys. It should be kept in mind that the absolute values of <.o> 
will be somewhat higher i f  the errors  inherent in the Castagnoli method are  
allowed for. However, the form of the dependence of <CJ> on ys at a sufficient 
distance from the threshold values remains unchanged. This effect was considered 
in Chapter 2. The solid line in Fig. 62 represents the same dependence, but with 
allowance for threshold effects and normalized at the values E = 250 GeV and 

<(T> =0.67, taken from [ 241 . The energy of primary particles was measured by 
the multiple Coulomb scattering of the protons produced in the disintegration of 
the primary nuclei. 

0 

The obtained dependence of <(J> on ys can be described by 'the function 
< O >  =0.15 logy,+0,40. 

b. Dependence of (J on ns. -It is difficult to investigate this dependence on 

account of the superposition of effects associated with the growth of multiplicity 
with increasing energy and with the correlation between o and Y.+ In order to 
decrease the influence of the latter dependence, we chose showers in a relatively 
narrow interval of Y. ( 2 3 < ~ . ~ < 5 0 )  and determined cr for events with multiplicity 
ns equal to 4-8, 9-12, 13-16, 17-20, and 2 2 1  for N I , < 5 .  We could not establish 

any dependence of (5 on ns at  all. 

* 
We used showers from JCEF collection [3421 with Nh,'5. 
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Zhdanov 13431 considered the change of 0 with ns in another range of ns: 
10<ns<19; 20<nS<40 and !2,>40. for showers with ATl,<S and y,< in the interval 
from 35 to 100, and noted a tendency for  the degrees of anisotropy to decrease 
with increasing multiplicity. 

If we select showers with low multiplicity 1zs<6 and AT,l<5, we obtain for 
them, on the average, a somewhat higher dispersion. This result was obtained 
by Giyerula e t  al. [334, 3451, who investigated showers formed with an energy 
of the order of 250 GeV from the disintegration of primary nuclei. 

Showers from the JCEF collection, formed by nucleons of cosmic rays in- 
teracting with photoemulsion nuclei, were analyzed in [ 346, 3471. 
factor of the symmetric system in these interactions was relatively small (7-22). 
An increase in the dispersion with increasing ns is observed, which is treated by 
the authors a s  the result of successive collisions of the nucleon with nucleons in 
the nucleus. 

The Lorentz 

That this result contradicts the conclusions of the Landau theory is not 
surprising in this case, since one hardly expects the hydrodynamic ideas to apply 
at these energies. 

c. Increase of Nh. --In this case an increase in the dispersion is observed. 
This can be concluded both from a comparison of the function ( J ( ~ s )  for showers 
with .\',,<5 and N,,>8 [332, 3331, and also from a study of the interactions specifi- 
cally arising from the collision with heavy nuclei of a photoemulsion (N,,>8, it,>40), 
y.>23 [3481. The dispersion of the angular distribution increases with an in- 
crease in the number of gray and black tracks. 

This fact is in contradiction with the Landau theory, which predicts an in- 
crease in the degree of isotropy of the angular distribution with the mass of the 
target nucleus. 

Along with this, the character of the function o(A',,) observed in experiment 
can be explained qualitatively, if one assumes the existence of an intranuclear 
cascade process. 

d. Change of the form of the angular distribution with increasing dispersion. - 
Anal-blar distribution for individual events divided into 
the two groups 0<0.6 and 0>0.6, shows that in the first group there'are showers 
which have the normal Gaussian angular distribution in x-coordinates. Among the 
showers of the second group the deviation from the Gaussian form is more marked. 
A detailed analysis of the form of angular distributions is given in Section 5. 

The conclusions of this section a re  valid in any coordinate system as  long as 
angular distributions of charged particles for individual events in the x-repre- 
sentation a re  investigated. In subsequent sections we shall consider the specific 
peculiarities of angular distributions which arise in one or  another of the co- 
ordinate systems. 
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4. Angular Distribution of Charged Particles in the 
Laboratorv Svstem of Coordinates 

To a large extent, the properties of the angular distribution of charged parti- 
cles in the laboratory coordinate system are  determined by the kinematics of the 
collision. Thus, with increasing energy of the primary particle, the function 
f ( 0 ) d o  becomes steeper, even if the dispersal of secondary particles in the C 
system is isotropic. The existence of anistropy in the C system is manifested 
in the appearance of two cones of particles-a narrow one formed by particles 
going forwards in the C system, and a broad (diffuse) cone consisting of particles 
going backwards in the C system. 

/258 - 
. 

A consideration of the kinematics of the collision of particles leads to the 
conclusion that in the laboratory system all particles generated will be emitted 
between 0 and 900, if their velocity in the C system does not exceed the velocity 
of the system itself. If the velocity of the particle pc is greater than the velocity 
of the C system Pc and the particle flies backwards in the C system, then this 
particle will be emitted in the laboratory system at angles greater than 90° to the 
direction of motion of the primary particle. 

Gerasimova [3491 considered the emission of particles into the back hemi- 
sphere in the L system on the basis of the hydronamic picture of the collision. 
It was shown that the traveling shock wave evoked in the collision of a nucleon 
with a nucleus (or a nucleus with a nucleus) leads to the ejection of fast particles 
in the backward direction. Hence the study of relativistic particles flying in the 
backward hemisphere in the L system can serve as one more test of the validity 
of the hydrodynamic process in the collision of high energy particles. 

A similar picture will be observed in the case when an excited nucleon 
(isobar) is formed during collision, In this case, because of the isotropy of the 
angular distribution of pions in the decay of isobars, emission of fast particles 
in the backward direction in the L system is also possible [3501. If the pions 
from isobar decay have on the average a greater magnitude of transverse mo- 
mentum than pions originating as the result of the hydrodynamic process, then 
the emission angles of the backward pions in these two cases will be different. 

In the majority of investigations of the angular distribution of secondaries , 
particles emitted backwards are usually not considered. Lohrmann 281 pointed 
to the existence of such particles. Out of 1571 secondaries, 26 particles were 
observed at  emission angles >go" in the L system. 

Imaeda et al. 13501 obse-ed 5 showers out of 47 in which there were particles 
flying backwards. All these particles were identified as pions. The character- 
istics of these showers are  indicated in Table 57. 

/259 - The authors assume that these pions originate from isobars. The mass of 
the isobars in this case must exceed 1500 MeV. 
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TABLE 57. CHARACTERISTICS OF 
SHOWERS WITH PARTICLES EMITTED 

BACKWARDS IN THE L SYSTEM 

8.9 117.4 
7.1 104.5 

17.4 130.0 
20.4 94.4 
52.2 132.0 

87 
40.5 
81 
90 
65 

1 59 
1 1 1  

3.29 2.74 
4.30 1.48 
1.98 4.69 
2.00 4.40 
0.40 15.8 

Note: T is the kinetic energy of parti- 
cles emitted backwards in the L system; 
E,, Ois are  the total energy and emission 
angle of these particles in the S system 
(in the symmetric system). 

5. Angular Distribution of Charged Particles in the 
Symmetric System ( S  System) 

5.1.  The S system and the x-representation 

Study of individual events in the x-representation shows that the form of the 
distributions is symmetric in the majority of the cases. From this it follows 
that it is possible to find a coordinate system in which the dispersal of secon- 
dary charged particles will be symmetric relative to a plane perpendicular to 
the direction of motion of the primary particle. 

The Lorentz factor of the symmetric system can be calculated either from 
o r  as the center of gravity of the definition of the symmetric system (xPis=o)  

the x-distribution [ 161 : 5 

@Is = - <Xi> = - <log tan'Oi>. 

The first way is applicable if the nature of all the secondary charged parti- 
cles is known and their momenta have been measured. 

In the second way, the Lorentz factor of the symmetric system agrees with 
the Lorentz factor of the center-of-mass system provided the following conditions 
a re  fulfilled: 1) all secondary particles are pions; 2) the velocities of secondary 
particles in the C system(Pi,) equal the velocity of the C-system (pc); the secondary 
particles a re  emitted symmetrically relative to a plane perpendicular to the 
direction of motion of the primary particle. 

- /260 

In spite of the fact that it cannot always be proved that these conditions are  
fulfilled, in the majority of work with photoemulsions up until very recently, the 
Lorentz factor of the symmetric system has been identified with the Lorentz 
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factor of the C system. This leads to a distort on of some of the interaction 
characteristics. In order to avoid these distortions, we shall rigorously dis- 
tinguish between the symmetric system and the center-of-mass system. 

Inasmuch as the symmetric system is defined, as a rule, with the angular 
distribution of secondary charged particles as a starting point, the study of 
angular distributions in the S system does not add any new information, com- 
pared to the x-representation, that can help is elucidating the collision mechanism. 

However, certain of the characteristics of the angular distribution examined 
in the x-representation acquire a new meaning when applied to the symmetric 
system. 

Thus, the dispersion of the angular distribution, which in the x-representation 
characterizes the width of the distribution, can be considered in the symmetric 
system to be a measure of the anisotropy of the angular distribution of charged 
particles. This quantity is connected with the anisotropy index m (or n) in the 
approximation of the angular distribution in the form cc)sv'(3, (or sinno,) and de- 
pends on the velocity of the secondary particles in the symmetric system 
(see Fig. 9). 

5.2. Form of the angular distribution 

The study of the form of the angular distribution in the symmetric coordinate 
system receives very much attention in investig;?tions using photoemulsion tech- 
niques. * Here, besides an examination of the individual angular distributions, 
an averaging process is carried out, amounting to the total distribution in the 
normalized coordinates X=log y. tan0. 

Lindern [ 3511, in a study of 22 showers registered in nuclear emulsion from - /261 
single charged or  neutral primaries having an energy >20 GeV and number of 
gray and black tracks N h < 3  was the first to construct the total differential 
angular distribution in X-coordinates and showed that the distribution is well 

approximated by a Gaussian curve with dispersion <o> =0.44*:::. 

Similar results are  also obtained in other work done in approximately the 
same energy interval (up to -500 GeV) [ 137, 215, 222, 338, 3401. The formula 
for the angular distribution in this energy region does not disclose any deviations 
from a distribution with a single maximum. * Thus, Ciok et al. [3401 investigated 
showers in a wide energy interval of measured energies from 1010 to 1013 eV. 
If this result is confirmed in the energy region 1010-1012 eV, then in going over to 
higher energies of the primary (> 10l2 eV, measured by the Castagnoli method) a 
change in the form of the differential angular distributions was noticed. This is 

_ _  - -  * 
Takibayev [352] reports that even at &-23 GeV, if one selects cases with 

00.6 and parameter 050 (see p. 210), the total angular distribution of these 
shQwers in the x-representation is obtained with two maxima. 
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manifested by the absence of tracks in the immediate vicinity of the angle 7~ /2 in 
the symmetric system. In the differential distribution g(X)dXthis fact is mani- 
fested as  a deviation from the Gaussian curve. 

This same group of authors subsequently [332, 334, 341, 3441 undertook to 
analyze a wider selection of statistical material with the aim of showing that the 
experimental angular distribution of charged particles at primary particle energies 
> lo3 GeV differs from the Gaussian normal law. 

To get a qualitative measure of this deviation, the total normalized angular 
distribution was constructed using the complete collection of streaks in norma- 
lized coordinates A 

of the indivudual angular distribution CJ eliminates the influence of the dependence 
of 
standard form with o= 1.  Intervals of -V/O were chosen such that for the normal 
law of distribution a constant number of tracks was contained in each interval. 
Then the distribution of the number of events over the coordinates Xj/O for the 
Gaussian law should be represented by a straight line parallel to the axis of 
abscissas. Any deviation from the straight line (i. e. , from the Gaussian law) 
can be easily detected. 
in these coordinates, constructed for events with n,>6, arising from single charged 
and neutral primary particles with energy > lo3 GeV, measured by the Castagnoli 
method. Data from papers by Giyerula et  al. [332, 3341 and the results of Coghen 
et al. L3411 are  considered. A s  a rule, the showers were sought among electro- 
magnetic cascades. 

-- x i  . The operation of dividing Xi by the halfwidth r . - - < w i >  - 
0 a 

/262 on ys on the total angular distribution and brings all distributions to a - 

Figure 63 gives the total normalized angular distributions 

/263 

The distributions were given for the complete statistics and for various 
combinations of showers grouped according to the magnitude of the dispersion 
o2 and the number of gray and black tracks Nh. 

by 2 to 3 standard deviations. 
from the Gaussian law, whereas the distribution for cases with aC0.6 can be 
described by a normal law (Fig. 63, a and b). 

A X2 analysis showed that the total distributions differed from the normal law 
The distribution for events with ci>O.G deviates 

The possibility that all the observed distributions could be obtained fortuitously,/264 - 
as a result of statistical fluctuations in a single angular distribution, was checked. 
To do this, events were constructed by means of a random selection of the vari- 
ables X by the Monte Carlo method, from the total angular distribution compiled 
for all showers in coordinates S=x-<x> (Fig. 64, b (1, 2)). A s  a result, 
showers were obtained that has the same distribution of n, as in the experimental 
cases. These Monte Carlo showers were  treated in the same way as the experi- 
mental ones. In Fig. 63c, the dashed line represents the distribution of these 
showers with respect to the variables S/O. The difference between the experi- 
mental and synthetic distributions is of course reduced, but, as the X2 test shows, 
it amounts to about two standard deviations. The discrepancy between the Monte 
Carlo and experimental distributions convienced the authors that the angular distri- 
bution observed in individual cases is not simply a result of statistical fluctuations 
about the total angular distribution. 
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Figure 63. Total Normalized 
Angular Distribution in Co- 
ordinates x ; ~ .  Constructed for 

a-for Complete Statistics 
(Solid Histogram) and for 
Events with ~ 0 . 6  (Dashed Histo- 
gram); b-for Events with ~50.6: 
n,<oO (Solid Histogram); the 
Same, for Events with ns<*O 

(Dashed); c-for Monte Carlo 
Showers with 00.6 and n , m  

(Dashed) ; Continuous Histo- 
gram for Observed Events with 

Events with Arh<5: 

uY3.6 and ns<?o. 

The following quantity serves as  
another measure of the deviation of the 
experimental distribution from the normal 
law: 

where Ni is the number of tracks in the 

internal interval -0.67a<X<+0.67o; N e  
is the number in the external regions 
X>0,670 and X<-0.670 (A’e=ns--Ni). 

This quantity can be calculated for each 
individual event. For the normal distri- 
bution Ne 7 Ni and D = 0. A non-zero value 

for D means that the distribution is not 
normal. 

In [332, 3341 values of D were calculated 
for showers with .Z’t,<5. n,<20 and n,>20, 
as well as  for showers with S I , > 5 .  The 
distribution of D as  a function of the multi- 
plicity of the event and i ts  dispersion is 
shown in Fig. 65, a and c. For comparison, 
the quantity D as  a function of (T for the 
Monte Carlo showers is presented in Fig. 65b. 

Note that the distribution of experimental .- /265 
showers with respect to D is assymetric in 
the number of positive and negative magni- 
tudes of D, whereas the synthetic showers 

a re  distributed symmetrically. This asymmetry is due mainly to cases with 
Nh>8,  for which practically all values of D are  greater than zero. 

Attention is directed to the fact that the magnitude of D increases with 
decreasing multiplicity ns. The average value of D for case with A;h<5, n,>20 is 
10.03, and for cases with NhS5,  rz,<20 i t  is -to. 15. 

On the basis of these data it may be concluded that a deviation of the angular 
distribution from normal is observed most frequently for showers arising from 
the collisions of primary particles with heavy nuclei (high N ).. Showers with 

Nh<5 and high multiplicity r2,>20 are well accommodated within the framework 
of the normal law. Among events with N , , < 5  and n,<20 about 20% of the showers 
cannot be described by the Gaussian distribution. 

h 

- /266 

The total angular distribution in the differential form g(X)dX is a curve with 
a single maximum, but i ts  shape does not correspond to a normal distribution 
with that value of dispersion obtained from experiment. 
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Figure 64. Total Angular Distributions in Co- 
ordinates X = h g  y ctan Oi and x for Various Intervals 

of E (or Y C ) :  

a--E,=3o GeV, 1 ) - 1 , 4 < ~ ~  i ~ , < 2 , a ;  2)-0,7<~,h, <I .% 
3)v,/v,<0.7 [221; b-from 1241, ~ ~ - 2 a G e V  
l - - ~ ~  < 5. ns <io. 2-.v,c 5. ns >IO. 3-Nh >5: c-Distri- 
bution over the X-coordinate for Events with 

0 

>io00 GeV 1251. 

An investigation of the shape of the angular distribution in showers with 
very low multiplicity nS<6,  disclosed a definite deviation from the Gaussian curve 
and two distinct maxima in the angular distribution [ 334, 345 I .  

However, in cases with higher multiplicity, the number of events with an 
angular distribution having two maxima is small. 
values of the dispersion 03 0,9. In these events the maxima are  resolved, and the 
angular distribution of the secondary particles comprising each maximum can be 
analyzed. 

Such distributions appear at 

This was done by Giyerula et al. [3341. From 54 showers, 8 events with 
N h < 5 ,  (r>O,9 and D>O were selected. The total number of tracks in these cases 
was 140. The total angular distribution in the F-representation for particles 
comprising each of the maxima appeared isotropic at first sight. * A similar 

- _  -- ~- -__-- - * 
Raczka [353] has shown that in certain cases a known anisotropic distribution 

has a similar form. 
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D 
Figure 65. Dependence of the Distribution of D on 
the Multiplicity ns of an Event and Its Dispersion 
(T. The Solid Lines Indicates the Dependence Ex- 
pected on the Basis of the Two-Fireball Model of 
the Interaction. The X's Indicate the Values of D 

Calculated for Monte Carlo Showers: 
8 - N h < 5 .  n s < 2 a ;  o - - N h : C 5 .  n s > 2 0 ;  f - N h > 8 .  

analysis was made by Sanko [3541. He investigated showers with a two-maximum 
angular distribution. The separate maxima in the total angular distribution, 
taken in differential form g(X)dX, are  well described by Gaussian curves, cor- 
responding to an isotropic dispersal of particles with a power-law energy spectrum. 

It is of interest to investigate the shape of the angular distribution for events 
among which one might expect the highest percentage of nucleon-nucleon inter- 
actions. This is an event with Nh = 0 or  1. From 119 showers contained in 
c332, 334, 241 were selected which satisfy this requirement and have 0>0.6. The 
total normalized angular distribution for this group of cases differs from Gaussian - /267 
by more than two standard deviations. 

Another group of events with .V,,>8 and n,>40,can undoubtedly be interpreted 
as a result of a collision of a primary particle with a heavy photoemulsion nucleus. 
Giyerulaet al. [3481 analyze the shape of the angular distribution for 14 such 
showers, formed singly by charged o r  neutral particles with a Castagnoli energy 
greater than 103 GeV. The distribution is three standard deviations away from a 
Gaussian. The sharp noncorrespondence of the angular distribution with the 
normal law shows up in the fact that for the majority of the events D>O (in eleven 
cases D>O, in three D<O). The wider the angular distribution, the more it differs 
from the normal law. 
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Of the 14 showers, six have an angular distribution with a clear two-maximum 
character. In these cases one can investigate separately the characteristics of 
both maxima, assuming that in the dispersal of particles in the symmetric system 
one of them is formed by particles of the narrow cone and the other by particles 
of the wide cone. 

14+52.n 
35+59:p 
16+57p 
201-56 p 
17+41 p 
231-47 p 

The characteristics of these events are given in Table 58. 

28 
23 
29 
28 
58 
83 

TABLE 58. CHARACTERISTICS OF 
SHOWERS HAVING AN ANGULAR 

DISTRIBUTION WITH TWO MAxIlb!IA 

. .  

0.81 16 
0.91 33 
0.96 18 
1.03 24 
1.09 17 
1.25 24 

_ ~ _ _ _  
36 
26 
39 
30 
24 
23 

Average 
values 

0.29 
0.29 
0.24 
0.32 
0.32 
0.40 

0.52 
0.52 
0.54 
0.56 
0.58 
0.62 

I 

Note: Here nl, n2 and &, 0 2 ~  are  the 
multiplicities and dispersions for the nar- 
TOW and wide cones, respectively. 

/268 Attention is directed to the slight asymmetry in the angular distributions - 
and multiplicities for particles of the narrow and wide cones CJI<UZ and i t 1 < n 2 .  

In addition, one sees an increase in 0 2  with an increase in the number of gray 
and black tracks Nh. These features may be a consequence of secondary inter- 
actions within the target nucleus. 

By a comparison of the shape of the angular distributions obtained for dif- 
ferent groups of events, one can establish a firm deviation of the angular distri- 
bution from the normal law for all groups. 
and 12,~>20, which agree well with the Gaussian distribution. Whereas showers 
with AT,,<5 and i2,<20 have the same character of angular distribution as events 
with x',,>8, the difference between them is manifested only in higher values of the 
dispersion for the latter group of events, which originate in interactions with 
heavy nuclei. 

The exceptions a re  events with Nh<5 

5.3. Dependence of tne form _--_- of the angular - __ - - - - , chstribution - - - - - - on - - the - - nature of the pri- 
mary particles 

The form of the angular distribution in showers formed by secondary charged 
particles (mostly pions), does not differ in any way from that observed in showers 
produced by primary nucleons. For the 29 showers from charged secondaries 
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and 10  from neutrals studied by Jain 13551, the angular distribution of the gene- 
rated particles in the symmetric system has an anisotropic character. The 
dispersion of the angular distribution increases with increasing ys. Showers with 
0 3 0 . 4  give an angular distribution in the X-representation differing in shape 
from the normal distribution. In an analysis of showers arising from primary 
a-particles I3391 , deviations of the angular distributions of secondary particles 
from the normal distribution law were observed, and events having two maxima 
in the angular distribution were found. It should be noted that in the collision of 
an a-particle with a nucleus, two of the four nucleons contained within the CY- 
particle interact, on the average simultaneously. 

/269 5.4. Interpretation of results from - .  the study of angular distributions in the 
symmetric coordinate - system 

- 

These are  the principal features of the angular distributions of secondary 
particles in the symmetric system of the collision a t  energies of the primaries 
greater than 103 GeV 

1. There is a large scatter of the anisotropy parameters 0 for closely 
similar values of the Lorentz factor of the symmetric system ys. 

2. The differential form of the angular distribution g(X)dX deviates from the 
Gaussian formal distribution for anisotropy parameters 0>0.6. 

3. Sometimes the deviation from the .Gaussian law is observed in the appearance 
of structure in the angular distribution of secondary particles with two maxima. 
The maxima are  most clearly resolved in distributions constructed for events with 
low multiplicity (nsS6, N , , < 5 )  and for cases of collision with heavy nuclei (nV>40, 
N h > 8 ) .  

4. The greater the anisotropy parameter u, the more distinct is the structure 
of angular distributions with two maxima. 

5. E i t  is possible to separate the maxima of the function g(X), then the distri- 
bution of particles in the coordinate system fixed to the center of gravity of an 
individual maximum is nearly isotropic. 

These properties of the angular distributions and the identification of the 
symmetric system with the center-of-mass system of the colliding particles led 
to the phenomenological picture of the collision known as  the fireball model [ 325, 
327, 3281. At first, the fireball model arose as a working hypothesis to explain 
the two maxima in the differential angular distribution of the secondary particles. 
In this two-fireball model it is assumed that during the collision of,nucleons two 
agglomerates of excited material are  formed (two fireballs) which more in 
opposite directions in the C system with equal velocities. Each of agglomerates 
decomposes isotropically into pions in its own rest  system. The nucleons which 
have collided do not enter into the excited agglomerates and move independently 
of them. 
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Let us consider what new characteristics of the interaction appear as  a re- /270 - 
sult of the introduction of the two-fireball mode. One of these is the Lcrentz 
factor of the fireball relative to the C system of the colliding particles 1’. If /31 
and B2 are  the velocities and y1 and y2 are  the corresponding Lorentz factors 
of the fireballs in the laboratory coordinate system, then 

(9 .4)  

where logy1 = <x,>~,log; 12 = <xi>2.  The greater the magnitude of 17, the more 
strongly does the fireball diverge before its own decay into pions and the more 
distinct does the structure in the differential angular distribution of secondary 
particles with two maxima appear. According to the two-fiEball model, there 
ought to be an increase in the Lorentz factor of the fireball y with increasing 
collision energy. 

with different ys, it  was found that when ys<10 r<2.2, whereas for ys>40 
from 1 to 9 ,  and when ys> 100, there are values of ;= IO. The statistical reliability 
of this result was not high. 
plicity [ 6 ,  3561. However, in an examination of shpwers having N = 0 o r  1 from 
the JCEF collection f3421, no such dependence of y on YS was observed. 

In one of the first pa.pers [61 on the investigation of factors for showers 
varies 

It was also noted that falls with increasing multi- 
h 

Themotionof the fireballsin the C system should lead to the appearance of 
azimuthal anisotropy in the angular distribution of the secondary particles. 
effect was studied in a number of papers [354, 357-3601. 

This 

An analysis was made of the anisotropy for showers with a>0.6 [ 3541. The 
result is shown in Fig. 66. The r,’ test shows that the azimuthal distribution dif- 
fers from isotropic, but as the mass of the target nucleus increases, the degree 
of anisotropy falls. 
of motion of the primary particle has an elliptical shape for these showers, which 
is evidence for the transfer of angular momentum to the secondary particles. 

The target diagram in the plane perpendicular to the direction 

In work by Mishakova and Nikol’skiy [3581, azimuthal anisotropy of the angular - /271 
distribution was found for showers formed by pions. 

The essential parameter of the fireball model is the mass of the fireball. 
Most advocates of this model a re  inclined to believe that the mass of the fireball 
remains constant. At the same time, estimates made in different papers indicate 
differences and vary from 2 to 10 GeV. 

An alternative explanation of the observed features of the angular distribution 
can be proposed, based on an entirely different picture of the collision. It con- 
sists of the following. If a single excited system is formed in the collision, to 
which a large angular momentum is transferred, than when i t  decays into pions 
the angular distribution of the secondaries will have an anisotropy of the form 
cos”’OC. The more angular momentum the system acquires, the greater is m. Tn 
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Figure 66. Azimuthal Angular Distri- 
bution in the Laboratory System: 

1-for Showers with N,,;z; 2-for Showers 
with ~ ~ 4 2 .  The Horizontal Straight Line 
is for an Isotropic Angular Distribution. 

going over to the x-representation, the distribution ?(e,) d QC= A 
in the system will appear as a distribution with two maxima. In doing this, 
i t  is possible to introduce a quantity analogous to the y. factor of the fireball 

the g(x) distribution. Its value can be found from Eq. (9.4), in which 

0, d cos 8, 

/272 which will characterize in a given case the spacing between the two maxima in - 

1 
log;? = logy, - - 2 '3g (m + 1). 

(9.5) 

A detailed treatment of the collision process based on field ideas was under- 
taken in a theoretical paper by Raczka [ 3531. By examining a collision with 
transfer of large amounts of angular momentum, they found that the angular 
distribution of secondary particles in the x-representation has a two-maximum 
structure, and the distribution of particles within the limits of each maximum in 
the F-representation is grouped about straight lines with a slope of 2. The 
separation between the maxima increases with increasing energy. Thus, these 
two ways of describing the collision process are experimentally equivalent, and 
the fireball model has no advantages over the model of a motionless agglomerate 
with high angular momentum. 

5.5. Multi-fireball model (H-quanta) 

By analyzing the angular distribution of secondary particles with respect 
to the scale x = h g  tad0 and observing the existence of irregularities in the 
x-representation, Hasegawa [ 313, 3611 introduced a hypothesis about the existence 
of fundamental solitary formations, which he called H-quanta, making up the fine i 
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structure of the angular distribution in the x-representation. He isolated along 
the x scale groups of particles with close values of logtan:& and more o r  less ' 

distinctly separated from other similar groups (each such group forms an H- 
quantum). From the point of view of this hypothesis, multiple production of 
secondary particles goes via the generation of H-quanta. Only an even number 
of H-quanta symmetrically emitted in the C system of the collision can arise. 
Each H-quantum subsequently decays independently into pions. The critical 
energy at which emission of H-quanta begins is estimated to be equal to 50 GeV. 

/273 In Fig. 61c are  shown typical examples of the decomposition of angular - 
distributions into H-quanta. Angular distributions of secondary particles were 
constructed in the,rest system of each quantum. The Lorentz factor of the rest 

system was determined from the relation log Y I I =  ---E logtan&. These distribu- 
tions in the F-representation have a dipolar character of the type sin2 0, d(cos 0,) : 

-1 
nH 

The mass of an H-quantum is determined from the distribution over the 
number of particles in each of the identified H-quanta and the distribution of the 
transverse momenta of the secondary particles. The average number of charged 
particles making up an H-quantum is 4.1 2 1.2 for 377 identified H-quanta. If 
the average value of the transverse momentum is taken to be < p l  > - 0.4 GeV/c 
and neutral pions a re  allowed for,  then the mass of the H-quantum will be of the 
order 2 Mc (M is the nucleon mass). 2 

In view of the fact that H-quanta are  emitted symmetrically in the C system 
of the colliding nucleons, it follows that ~ I I =  172iYc for the H-quanta flying forwards, 
and Y H  = - YC for the H-quanta flying backwards. From this, mi = 7 ~ ~ / y ~ .  Then 

for the Lorentz factor of the i-th H-quantum in the C system, we find 

1 

"r 

where mi is some number. 

The distribution of mi has distinct maxima. This gave the author of the 

hypothesis the idea that the Lorentz f ack r  of the H-quantum in the C system is 
quantized, and the quantized values for Y H ~  are 1.4, 7.1, 41, 240 etc. 
existence of high levels ( y H i  =41) is not well borne out in available experimental 
data. Hasegawa believes that the generation of H-quanta in the collision of high- 
energy particles can explain many experimental peculiarities of the interactions 
over the whole energy range. 

The 

The weakest point of the theory is where it begins-the reliability of the 
division into isolated particle groups with the aid of the x-representation and the 
proof of the fact that the particles in these groups are  genetically related. A 
criticism of this hypothesis from these points of view was made in 13621. 
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It should be mentioned that the idea of the generation of particles as a result 
of the isotropic decay of many centers arising in the interaction was expressed 
also in the works of Zatsepin [3111. 

6. System of the Center of Mass of -- the .- Colliding - Particles 

6.1. Introduction 

The angular distribution in the system of the center of mass of the colliding 
particles (C system) is of the most interest for the elucidation of the mechanism 
of multiple particle production. It is precisely in this coordinate system that 
we can speak of isotropic or anisotropic dispersal of the created particles and 
find the degree of anisotropy, as  well as discover whether the dispersal of the 
secondary particles is symmetric o r  the angular distribution has an asymmetric 
character. 

To define the C system i t  is necessary to know the nature of the colliding 
particles and the energy of the incoming particle. The Lorentz factor of the 
C system can be determined by using (2.36),  which is a consequence of the laws 
for the conservation of 'energy and momentum. For very high energies of the 
primary particles satisfying the condition yoBAl , ,  412, we obtain 

From this it is seen that at high energies the mass of the in-flying particle 
does not affect the kinematics of the collision, whereas the mass of the target 
nucleus plays a decisive role. Information about the nature of the target parti- 
cle is frequently uncertain, both in accelerator and cosmic ray experiments. 
This is particularly true of work with photoemulsions. The use of apparatus 
which utilizes a Wilson chamber to register secondary interactions has certain 
advantages. In this case, one places a filter-generator made of a homogeneous 
material above the chamber; collisions with the nuclei of this filter generate 
showers. However, this method has its own difficulties associated with the 

one) or  due to secondary interactions within the filter. These effects cannot 
always be detected in an experiment, but they lead to a distortion of the angular 
distribution of the secondary particles. 

/275 occurrence of successive collisions either in the nucleus itself (if it is a heavy - 

Methods of the determination of energy in cosmic ray experiments were 
detailed in Chapters 2 and 3. In examining the angular distribution of secon- 
dary particles in the C system we shall make use of the results of only those 
works in which reliable methods for measuring energy were employed (see 
Chapter 3, Section 6). 
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6.2. Asymmetric . . - .  dispersal of particles in the C system 

The study of the angular distribution of secondary particles in the C system 
gives new information about the character of the collision processes of high- 
energy particles. By definition, the C system is itself a symmetric system. 
The emergence of any asymmetry in an experiment is due first of all to the 
limitations of our knowledge about the parameters of the colliding particles 
and the newly created ones. Hence, an examination of collision processes in 
the C system gives the possibility of discovering new properties of the inter- 
action. 

For the investigation of collision symmetry we may introduce the following 
parameters: 

1. The asymmetry in the number of charged particles flying forwards and 
backwards along the direction of motion of the primary particle can be defined 
as the quantity 

(nsf and nsb are  the numbers of particles scattered forward and backward, 
respectively). For a collision that is symmetric in the C system, a = 0. This 
asymmetry criterion can be applied with confidence only for cases with high 
multiplicity. 

2. The ratio of the coefficients of inelasticity K and KM in .the laboratory 
Z E .  

Eo 0 and mirror systems. By definition, I( = 2, where E and ~i are  the energies 

of the primary and created particles in the laboratory c-oordinate system. 
.3 

LE i.!f Analogously, K.,,= __ , where EOM and EiAf are  the same quantities, but in the 
E0.V 

mirror system. 
the laboratory system: 

This ratio can be defined in terms of quantities measured in 

K Y c i  m,cz 

K,, 
-= -  

E,,X (E. - pi ~ C O S  0.) ' (9.6) 

where m2 is the mass of the target particle (the summat-m must be carried out 
over dl1 created particles). For a symmetrical shower K/KM = 1. I€ K/KM> 1 

or K/KM < I ,  the showers a re  considered to be asymmetrical forward o r  back- 

wards, respectively. 
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3. The most natural measure of asymmetry of the angular distribution, 
particularly when it is studied in the x-representation, is the comparision of the 
values of the Lorentz factors of the C system and the symmetric system. The 
Lorentz factor of the particles in x-coordinates: log ys= --<A'>. Thus, if the 
Lorentz factor of the C system is known, then the difference log ys- logy, =log yS/yC 
characterizes the deviation of the angular distribution in the C system from a 

symmetrical distribution. If log 2 = 0, then &= 1 and we have a symmetrical 
emission of particles in the C system. For values of the ratio > 1 or  yS/yc< I ,  

emission of particles is observed predominately forwards o r  backwards. 

Yc Y c  

Y C  

For the determination of the Lorentz factor of the S system it is desirable 
to take into account the momentum distribution of the secondary particles. Then 
one of the trivial sources of asymmetry, momentum fluctuations of the secon- 
dary particles, will not affect the magnitude of the ratio ys/yc. 

If the momenta of the secondary particles a re  not measured, then by using 
the prescription proposed by Shen and Kaplon [ l o ]  (see Chapter 2, Section 4), 
one can take the velocities of the particles into account. In this case, the 
supposition of the equality of the velocities of the secondary particles in the 
symmetric system ( p i s =  f i b )  is replaced by another condition, according to which 
ps=<p>pi6, < p > # I .  In addition, it is assumed that the average transverse 
momentum of the secondary particles is a constant. The ratio /VC determined 
after this will reflect an asymmetry associated with less trivial sources. 

One of such sources can be an incorrectly chosen mass of the target par- 
ticle for the determination of YC 
based on the presumption of a collision of a primary particle of known energy 
E with a nucleon, i. e. , yc=E0/2Mp, then the ratio 

For example, if the Lorentz factor YC is 

0 

will depend on the mass of the target particle M2. 

6.3. Study of asymmetrical - dispersal of particles _. with the aid of the - .  parameter a 

Asymmetrical emission of charged particles in the C system was first ob- 
served in work [12,  136, 260, 3631 done on Pamir (3860 m above sea level) 
using a Wilson chamber in a magnetic field and an ionization calorimeter. The 
authors assumed that the primary particles in these experiments were nucleons. 
Lithium hydride (LiH) served as the target. The average energy of the primary 
particles was 250 GeV. 

The parameter a was selected as the measure of asymmetry. The experi- 
mentally observed dztribution of showers with respect to this parameter was 
compared with the distribution calculated under the assumption that the flight of 
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particles in the forward and backward hemispheres was equally probable and 
statistically independent. The calculations were carried out with and without 
allowance for the laws of conservation of energy, momentum, and charges of 
the particles [364] (Table 59). 

Based on the data of Table 59 , it was concluded in 3641 than an explanation 
of the nonsymmetrical showers solely by statistical fluctuations in the emission 
of charged and neutral particles should be rejected. A significant assumption in 
the calculations was the use of results of the statistical theory of particle pro- 
duction for the determination of the probability of observation of a shower with 
a given number of secondary particles. 

TABLE 59. DISTRIBUTION OF 
SHOWERS WITH RESPECT TO 

THE ASYMMETRY PARAMETER 
_ -  . ___.. ~~ 

Calcultition for 

13 26 

0+0.25 
0.25 -+ 0.50 
0.50e0.75 
O.i5+ 1 .OQ 11 

As is known, the statistical theory predicts a quasiuniform distribution of 
energy among the secondary particles. At the same time, in an experiment, as  
a rule, one observes a particle that bears away a large fraction of the primary 
energy (see Chapter 8). 

Hence, it is necessary to check whether or  not the observed asymmetry 
of the angular distribution is a consequence of the energetic isolation of a few 
particles. This was indeed done in [ 3651. It was presumed that on the average 
the interaction act is standard, but an individual cases significant fluctuations 
are possible. The following simplifying assumptions were introduced for 
quantitative estimates : 

a) it was assumed that the energy distribution of secondary particles moving 
in the C system in the direction of motion does not depend on the energy distri- 
bution of particles moving backwards. The only connection there is the con- 
servation law €or momentum 2PiB=XPi,, Pi,; and Pi, are the momenta of par- 
ticles scattering forward and backward, respectively; 

I i 

b) the following definitions were used for the fraction of energy transferred 
to all secondary particles, with the exception of the fastest particle: xn= 
2 q c  2C5;c 

Eo, EO, 
for particles moving forwards; xE= - ; for particles moving backwards; 
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c) i t  was further assumed that the distribution of these quantities f ( x )  = 1 
and <x,> = <z,> =0.5, and all secondary particles, except the fastest, have 
identical energy; 

d) the number of secondary particles flying in the C system forward and 
backward was found under the assumption that they were all charged. According 

to the Fermi-Landau model, the multiplicity will equal nsf = A (% r'* xi's, nsb = 

Under these conditions the probability Wl(nsf) that nsf particles are  emitted 

An& forwards W,(n,) = 4Fsc , and backwards W,.(n%) = . If on the average the 
A2EOC A ' E O C  . 

numbers of particles flying forward and backward a re  equal <Itsf > = <&b> = 
I z. 
_f. = E?!, where n is the maximum possible number of particles for a given 
n 2 

2 n + 1  , n =- . In this case the average value of the 2n (n + I )  energy, then A2 = 
Eoc J f  Eoc 

asymmetry coefficient 

will be 

). Assuming n if nsf >> 1 then <a> =2 (0.1 +- 
3n.m 

agrees with experiment (see c3641). 

= 5, we obtain <a> =0.4. This sf 

Thus, the asymmetry of the angular distribution observedinthe C system 
may be a simple consequence of the nonuniform distribution of particles with 
respect to energy. 

This conclusion is confirmed by the existence of a correlation between the 
ratios of the coefficients of inelasticity (K/KM) and the parameter - a, found in 

[121. The means of determining K and KM in [121 are such that one can put an 
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equal sign between K and x and between KM andx f b' 
observation of collision asymmetry not associated with the isolation of particles 
with respect to energy, it is necessary to use the values of inelasticity calcu- 
lated from Eq. (9.6). 

At the same time, for the 

6.4. Distribution with respect to YJY, 

We now turn to an analysis of the asymmetry of the angular distribution of 
particles in the C system, based on an investigation of distributions with respect 

to the quantity log A .  

and in cosmic ray experiments 120, 22, 24, 34, 38, 122, 341, 3741. In cosmic 
ray work, a necessary condition for carrying out this analysis is the determi- 
nation of the energy of the interacting particles not from the angular distribution, 
but calorimetrically o r  from the fragmentation of heavy nuclei. 

I C  

This was considered both in experiments in accelerators [230, 366-373, 1211 

Accelerator experiments give the distribution over log ys for showers formed 
by nucleons o r  pions of controlled energy. Since photoemulsions are used to 
register the interactions, the mass of the target particle is unknown in these 
experiments. 

To determine YS the Lorentz factor of the symmetric symmetric system, 
one applies either the Castagnoli o r  Shen and Kaplon method, o r  one used 
information about the momenta of the secondary particles, and the velocity of 
the symmetry system relative to the L system is found from the definition of the 
symmetric system: 

If the angular distribution of secondary charged particles in individual cases 
is symmetric in the C system of the colliding particles, then we should obtain 
a symmetric distribution of log ys around the known (usually to within 10%) value 
of log yc. 

Deviation of lod ys from the average value is due to a number of reasons: 

1. First of all, there a re  natural fluctuations in the angular distribution of 
/281 - the secondary particles. If this distribution in x-representation is described 

by a Gaussian law with standard deviation 0, then the distribution of logy, will 
also be of the Gaussian type with halfwidth n / ] / n ,  [ 161. 

associated with the measurement of the emission angles of the secondary particles. 
2. A broadening of the distribution of log ys can occur because of errors  
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3. The halfwidth of the distribution can increase on account of a difference 
between the velocities of motion of the secondary particles pis and the velocity 
of the S system pS 

4. The broadening may be due to the Fermi motion of nucleons in the 
nucleus. 

5. The presence of any kind of asymmetry in the angular distribution of 
the secondary particles also leads to a broadening of the distribution mer logy,. 

In experiments with cosmic particles, we considered, in place of the distri- 

bution over log ys, the distribution over log A, *thus reducing showers arising 
from particles of different energies to a single value of primary energy. The 
accuracy of the determination of primary particle by reliable methods is 
completely satisfactory ( - 20 %); hence the principal error  in the determination 
of y r  may be associated with the assumption about the nature of the colliding 
particles. Usually it is assumed that a nucleon-nucleon collision has taken place. 
If in reality any other kind of particle collided, this will lead to a significant 
broadening of the distribution under consideration. 

-lC 

Distributions of log ys or  l o g 2  are of interest from the viewpoint of explaining 
IC 

the nontrivial reasons for them. In this connection, we shall treat the sources 
numbered 1 through 4 above as trivial and examine in more detail the possible 
reasons for asymmetry in the angular distribution of secondary particles (see 
Chapter 5). 

/282 The principal causes for asymmetric showers could be: - 
1. In an experiment only charged particles a re  registered, as  a rule. If 

the neutral particles a re  not taken into account, this may lead to a symmetrical 
shower looking like an asymmetrical one. This apparent asymmetry is a con- 
sequence of the noncoincidence of the angular distributions of charged and neutral 
particles in individual cases. 

2. The creation of a small number of energetically isolated particles may 
also be a source of asymmetrical showers. If such an energetically isolated 
particle is emitted in the C system of the collision in one direction, then the 
remaining particles will move in the opposite direction in order to compensate 
the momentum borne by the particle. 

3. It is usually assumed that the collision is nucleon-nucleon (if the nature 
of the primary particle is unknown). But if in reality particles of different mass 

-_  - * 
Sometimes instead of the ratio of the Lorentz factors sshC we use the ratio 

of energies Es/EO, where Es is the energy of the primary particle found by the 

Castagnoli method, o r  E;. = 1 . 5 - 2 ~ ; ~ ~  where €is is the energy of a secondary parti- 
cle in the S system, Eo is determined by one of the reliable methods. 
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collide, an asymmetry arises in the C system, which was defined under the con- 
dition of equality of the masses of the colliding particles. 

4. Motion of the symmetric system relative to the C system with velocity 
fisc (if such exists) leads to the appearance of additional velocity on the particle 
in the C system and, depending on which direction the symmetric system moves, 
will evoke either asymmetry forwards (pS,>O) or  asymmetry backwards (fis,<O). 

To establish the existence of such motion is not a simple task. Hence i t  is 
different to distinguish this source of asymmetry from the preceding one associ- 
ated with the different nature of the colliding particles. 

Obviously, as the primary particle energy increases, the velocity fisc of the 
symmetric system relative to the C system must increase. At the same time, the 
asymmetry associated with the mass of the target particle should not depend on 
the energy of the primary particle. The presence o r  absence of such a depen- 
dence should be of assistance in distinguishing these two sources of asymmetry. 

The investigations of Castagnoli et al. [372a, 3721 were done in an accele- 
rator at an energy of primary protons of 27 GeV. A photoemulsion was used to 
register proton-nucleon inelastic interactions, as well as collisions with light 
( N h = 2 .  3. 4)  and heavy (N1,>8) nuclei. 
distribution for light nuclei was symmetrical relative to the value < log ys > = 0.59 f 
0.02,  which corresponds to assuming collision with a target of nucleonic mass. 
In the distribution for heavy nuclei there is no similar symmetry, and the average 
value < log ys  > = 0.38 f > = 0.38 2 0.02, pertains to collision with three nucleons in 
nucleus, on the average. 

Cases with n,>4 were selected. The 

Thus, the distribution of the values of log ys is sensitive to the mass of the 
target particle. This conclusion is confirmed &so by the results of Lohrmann 
et al. [ 241 and ,)f Yerofeyeva et al. [ 341. 

In [341 an ionization calorimeter was used to measure the energy of the 
primary particles. 
mined in a Wilson chamber. In addition, it was possible to measure the 
energy given up to neutral pions and to determine the charge on the primary 
particle (Fig. 15a). 

The emission angles of the charged particles were deter- 

P 
I C  

IC /284 
The distribution over log - for interactions with nuclei in graphite is illus- 

- 
trated in Fig. 67. 
the secondary particles in the symmetric system is taken into account in the 
first case. 

Recall that 1): differs from YS inthat the average velocity of 

fittention is called to the existence of two maxima in the distribution over 
log 2 for interactions in graphite. The right-hand maximum corresponds to 
showers that are  asymmetrical forwards. The central maximum consists of 
symmetricalshowers, and finally on the left a re  several events that a re  asym- 
metrical in the backward direction. The scale on the abscissa was chosen under 
the assumption of a nucleon-nucleon collision. 

7 

, 7c 

225 



I I I I I I I I I  I 

-0.8 -0.6 -0.4 -0.2 D 0.2 0.4 46 '4' 
log'& 

Figure 67. Distributions Over 
log y l S / y c  for Interactions of Nuclear- 
Active Particles in Graphite. 
The Smooth Curve is a Gaussian 
Distribution with Halfwidth 

Alog yi/yc =0.16. 

An estimate of the width of the 
I 

distribution of log Is for symmetrical 
TC 

events with account taken of possible 
errors  in the measurement of the emiss- 
ion angles of the secondary particles and 
of fluctuations in the angular distributions 

gives the value Alog -L. = 0.16. This value 

was used in constructing the Gaussian 
distribution shown in the figure. 

1 ,  

'I 

' I C  

All the interactions were divided into 
groups according the asymmetry type, 
and their parameters are presented in 
Table 60. 

The following peculariaties a re  of 
interest: 

1) the number of showers that a re  
asymmetric forward is greater than the number asymmetric backward; 2) 
showers that a re  asymmetric forward a re  produced predominately by charged 
particles; 3) the multiplicity of showers that a r e  asymmetric forward is less 
than the multiplicity of the showers of the other group. 

The group of showers that are  asymmetric backwards in collision with 
light nuclei in graphite deserves particular attention (see Fig. 67). If one con- 
siders them as the result of a collision of a particle with the nucleus of an atom, 
then he would have to assume that about six nucleons of the target nucleus 
participate simultaneously in the collision. At the same time, in these showers 
are  notices an anomalously high value for the fraction of energy transferred to 
y-quanta (ao).  
form of asymmetry (where the number of particles flying forward and backward 
is the same, but all the neutrals go forward and the charged particles go back- 
ward). 

Thus, it may be assumed that here we have to do with a new 

Corroboration of this interpretation can be found in a study of the angular 
distribution of this group of events. Figure 68 shows the total angular distribution 
in the x-representation. This has the form of a typical two-maximum distri- 
bution; however, all the charged particles in these showers are emitted back- 
wards. In the forward direction we have TO-mesons, since ao-0.7. 

The peculiarities touched upon in the discussion of Table 60 permit the 
conclusion that it is most likely that symmetrical showers a re  produced by 
cosmic particles (nucleons and pions) on individual nucleons of the light nucleus, 
whereas the showers that are  asymmetrical forwards a re  produced more often by 
pions in collision with a target of smaller mass than the nucleon. This could be 
pions o r  kaons of the meson cloud surrounding the nucleon [3751. The angular 
distribution of shower particles for these interactions, constructed in the C 

- /287 

226 



TABLE 60. PARAMETERS OF SHOWERS PRO- 
DUCED BY NUCLEAR-ACTIVE PARTICLES IN 

COLLISION WITH NUCLEI IN  GRAPHITE 

Asymmetry 
me* 

Symmetric: 1 23 

-0.3 <logl.’<, 
Y E  

<0,1) 
I 

-. .- .. 

Forward 1 

<Eo> 

GeV 

290k90 12k3.5 

29OkIO 14.3k0.5 

Nature of 
primarv 

t i c h  

~- 

<ao> 

0.66 k 0.06 

0 . 4 1 ~ 0 . 0 1  

0.5920.08 

* 
The choice of bounds for the symmetrical events 

was made with allowance for the fact that collision with 
a light nucleus was observed. 

system of the n-7~ (or  N-T) collision has a symmetrical form. It may be assumed 
that these events a re  the result of peripheral collisions. Such as  interpretation 
agrees with the conclusions of work done at  lower energies to 30 GeV, both in 
cosmic rays [22 ,  1221 and in accelerators, 1367, 369-372, 372al where the 
primary particles were pions. 

In Fig. 69 are  given the results of Gainotti et al. [3711, who studied the 
collision of negative pions with energy 16.2 GeV with nucleons in photoemulsion. 
There were registered 147 cases with Nh=0 or  1 and rz,>2. In the distribution of 
showers over logy: two maxima are distinctly seen, one of which (left) corresponds 
to central n-N, and the other, to peripheral r-7~ collisions. The showers arising 
in these two types of collision differ in multiplicity. For the T-N collision <n,> = 
5 ,  and for the ~ - 7 t  interaction <n,> =3. The Gaussian and (I/ f(n,>, where 
G=U. 

the experiment. Out of the 147 cases, 50 L 10 could be attributed to n-n collisions. 
= 0.39, and <ns> was chosen to correspond with the values reliazable in 1so 

In acclerator experiments on the interaction of n--mesons with nucleons 
(Nh = 0.1) [368, 3691, it was shown that the angular distribution of showers 
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Figure 68. Total Angular Distribution of 
Secondary Particles for Showers Asymmetric 

Backwards: 

a-Differential Distribution; b-F-Represen- 
tation Separately for Particles Forming 

Each Maximum. 

Figure 69. Distribution of Showers 
Formed by Negative Pions with Energy 
16 .2  GeV in Photoemulsion (.I'h =0.1 and 
n , ' 2 2 )  Over log f 1371 1 -Histogram. 

having a multiplicity n,>4 is significantly different from that for showers with 
n,<4. If in the first case it has a symmetricalformin the C system of the T-N 
collision, then for  the second case the angular distribution becomes symmetrical 
only in the C system of the ~ - 7 r  collision (Fig. 70). Similar results were ob- 
tained at pion energies of 7 GeV 13671. 
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To sum up, it can be stated that in the energy region 30-100 GeV peripheral 
collisions can occur in about 10% of the cases of the interaction of nucleons 
with nucleons, whereas in the interaction of pions with nucleons peripheral 
collisions occur much more frequently (in 30% of the cases). At higher energies 
(to 103 GeV) we have information only on the interactions of nucleons arising 
in the decay ofheavy primary nuclei 120, 241. The results of these papers do 
not contradict the conclusions we have made. In 44 showers from the work of 
Koshiba et al. [201 five were recorded that have an asymmetric forward angular 
distribution of secondary particles. 

/28 8 - 

W 

k 
Q) 
P 
€A s li'Juu -I -a4 D 44 7 -I 0 +I -7 D 47 

6:: 8;: 

Figure 70. 
Particles Formed by 7r-Mesons with Energy 

16 GeV in the C System [ 3691 : 

a-r-N Collision for Events with Nh = 0, 1 

and ns : 4;  b-?r-N Collision for Events with 
Nh = 0,l and n.; ~ 4 ;  c-7r-r Collision for Events 

with Nh = 0,l and ns <1. 

Angular Distribution of Secondary 

6.5.  Another interpretation of ~~ the distribution of Y,/Yc 

In examining the distributions of log*, obtained in different experiments , we 
discussed only one of the possible interpretations of the distribution and connected 
the observed asymmetry with the existence of different types of collision-central 
and peripheral. 

IC 

However this treatment, based only on the form of the distribution of log'", 
IC 

is not unique. Another interpretation of the observed peculiarities is possible. 

/28 9 Let us assume that in the C system an agglomerate of excited material is - 
formed in the collision of two particles-a fireball, which moves relative to the 
C system with some velocity pp#O. Then the angular distribution of the secon- 
dary particles in the C system will have an asymmetrical character, even if  the 
dispersal of particles in the system of rest  of the fireball occurs symmetrically 
or isotropically. And, when p F > O  (motion of the fireball coincides in direction 
with that of the C system) showers arise that a re  asymmetric forward, whereas 
if ~ F < O  they are  asymmetric backward. 
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Figure 71. Distributions 
Over loglVs 'i'r for Inter- 
actions with Nuclei at 
Various Energies of the 

Primary Particle. 

An answer to the question of whether an 
aggregate of excited material is formed in the 
collision which moves relative to the C system 
o r  there are  collisions with targets of different 
mass, can be obtained by checking the energy 
dependence of the asymmetry effect. 

If when .the energy is varied the separation 
# 

between the maxima in the log 5 distribution, 

which correspond to different target masses 
changes, or if the distribution becomes broader, 
then it is most likely that this is a consequence 
of the formation of an agglomerate of excited 
material moving with respect to the C system. 
But if the position of the maxima remains the 
same as the energy is increased, this will be an 
argument in favor of the existence of different 
types of collision. 

Y E  

- /290 

Figure 71 gives the distributions of log 3- for 
YC 

interaction of nucleons with nuclei at three values 
of primary energy ( -30 GeV, 122, 230, 3721, 
260 GeV, [241 and 1000 GeV L20, 25, 383. 

This data is more in accord with an indepen- 
dence of the form of the distribution on the pri- 
mary particle energy. Thus, for the present 
we have to give preference to the presumption 
that different target masses exist. 

6.6. Evaluation of the role of the fireball mechanism 

In evaluating the role of the fireball mechanism 
it is necessary to take into account methodological 
effects which lead to an overestimation of the 
number of phenomena that can be interpreted as 
fireballs, 

The characteristic sign of fireball creation is considered to be the two- 
maximum (bimodal) angular distribution. Usually, two-maximum events a re  
found among events with 0>0.6 and D>O; the estimated fraction of such cases is 
3040%.  Since the primary energy is determined by the Castagnoli method, 
the fraction is too high. 

We can use Eq. (1.1) to find out how high it is. From this formula it is easy 
to decide that the measured number of particles with energy E is over- 

estimated ex p I"-:'' d2] times compared with the true value, because of the 
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overestimation of energy. 
to the half width CI and consequently for events with q>0.6 it will be twice as  
large as for events with a<0.6. Thus, the true fraction of interactions with 
0>0.6 may turn out to be many times smaller. 

The quantity d is, in first approximation, proportional 

It should be mentioned that angular distributions with two maxima are  en- 
countered not only athigh energies, but also at  100 GeV and even at  20 GeV 
(Chapter 9, Section 5). 

/291 In addition to a i s  effect, overestimation of the number of two-maximum 
cases can occur on account of successive collisions of the nucleon with nucleons 
of the nucleus. It is important that of these successive collisions one should be 
symmetrical and the other asymmetrical.. 

- 

An extremely serious hypothesis in the analysis of the entire problem is 
the proposition that charged and neutral pions a re  distributed identically with 
respect to angle. A difference in the distributions of ro- and r--mesons in 
individual cases can cause apparent gaps in the distribution of the charged par- 
ticles with respect to angle. 

-1- 

An artificial overestimation of the number of two-maxima events can arise 
for reasons associated with the normalization of the angular distributions with 
respect to energy. Usually, the Lorentz factor of the symmetric system is known 
but that of the C system is not. Consequently, in combining different angular dis- 
tributions normalized to xi, one carries out a reduction of all showers to a common 
center of symmetry, and not to a common primary energy. This operation can 
lead to a significant distortion of the total angular distribution. Many kinds of dis- 
tortion are possible: narrowing o r  broadening of the total distribution, as  well as 
the appearance of two maxima in those cases when they really shouldn't be there. 

7.  Mass _ _  of the Target Particle 
- .  . . .  ~ 

The question of the mass of the target particle (or the mass of the target) 
arises in connection with the concept of the existence of structure in the nucleon. 

The possibility of determining the target mass and the "effective'' target 
mass was first pointed out in papers by Birger and Smorodin c376, 3771. 
basis of the conservation laws for energy and momentum in the form proposed 
by Vernov, they obtained 

On the 

whence 

N (9.6a) 



.the subscript 0 pertains to the primary particle, i to particle after collision, 
m is the m'ass of the target particle. In this definition the concept of target 

mass is kinematical and is independent of the interaction model. 
t 

If the incident particle has sufficiently high energy such that Eo-pc<< 1, we 
then obtain 

N 

where r labels the recoil nucleon, and Z' means summation over all secondary 
particles except the recoil nucleon. Since the incident particle, as a rule, re- 
tains the principal portion of its energy, the contribution to Z', due to the incident 
particle is negligibly small. 

Often it happens that it is difficult to isolate the recoil nucleon in experi- 
mental work; then the concept of effective target mass is introduced, 

(9.7) 

in the definition of which the recoil nucleon is disregarded; neutral pions a re  taken 
care of by the factor 1.5. 

Usually, experiments determine the effective target mass Mt. It is difficult 

to interpret the value found in a physical sense, since the coefficient 1.5 can be 
used only on the average, and in individual cases this way of accounting for 
neutral pions brings in an incalculable error. Since the recoil nucleon is neg- 
lected, the effective target mass can be regarded only as the lower limit to the 
target mass, particularly if the recoil nucleon is of low energy. 

Koba and Krzywicki [3781 introduced the concept of an effective target mass 

m* based on the division of the created particles into groups genetically related 

to the colliding particles: 
t 

/292 - 

The summation in this case is only over particles genetically related to the pri- 
mary (over particles of the narrow cone in the L system), the recoil particle, 

/293 together with the particles of the wide cone, is excluded from consideration. - 
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Thus, this target mass is connected with the square of the transferred four- 
dimensional momentum A* (see Chapter 10). 

The mass of the target particle can also be determined by using the con- 
siderations set forth in the preceding sections. This means of determining the 
target mass from an investigation of the form of the distributions of log y’.% or 

logk was suggested by Friedlkder 11211 and applied in 134, 230, 371, 3721. 

It seems to us to be the most promising. 

, 

TC 
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CHAPTER 10 

FOUR-DIMENSIONAL TRANSFERRED MOMENTUM 

1. Definition ofFour-Dimensional . . Transferred ~- _ _ _ _  MomenFm 
/ 2 9 3  
~ 

An effective analysis of the elementary process of collision can be carried 
out through the use of quantities that are  invariant under Lorentz transformations, 
since they can be obtained from measurements made in the laboratory coordinate 
system. Such a quantity which characterizes the very dynamics of the process is 
the square of the four-dimensional momentum that is transferred from one object 
to another during the interaction. In order to calculate this quantity it is neces- 
sary to accept a specific model for the interaction. This circumstance signifi- 
cantly reduces the value of this characteristic in the study of inelastic processes. 

The interaction momentum A was introduced for analysis of inelastic pro- 
cesses by Niu [327] for the two-fireball model and was thereafter employed also 
in the multi-fireball model of Hasegawa [361]. 

Let us see how the interaction momentum is defined in specific models. 

Let two particles A and B collide, each of which is characterized by its own 
four-dimensional momentum ~9 *(PA, EA) and Q ~ ’ ~ ( P ~ ,  EB), where P and E are  
the three-dimensional momentum and energy of the particle. In the collision N 
new particles are created, so that this inelastic process can be written in the form 
A + B = A’ + B’ + N. The Feynman diagrams for such a process a re  sketched in 
Fig. 72, a - c. If there is any criterion by which the newly created particles can 
be divided into two or more genetically related groups, then the process will be 
represented by diagrams Fig. 72, d and e. Figure 72a represnts a central col- 
lision. This can be a process of the hydrodynamic type. Figures 72b, c are typ- 
ical peripheral processes with the exchange of one meson. Figure 72d is a peri- 
pheral interaction with the formation of two fireballs. Figure 72e is the com- 
pletely peripheral model considered by Amati et al., [1291 and Fig. 72f is the 
formation of a fireball and isobars. 

The four-dimensional momentum of the meson exchanged in the interaction 
can be different in these processes. To define it the newly created particles a re  
divided into two groups arbitrarily and it is assumed that one of these groups is 
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Figure 72. 
Processes . Feynman Diagrams of Possible 

genetically related to particle A and the other to particle B. If we write 
A+B=A’+ Z h’i+B’+Z: Nj, 

from one group of particles to the other will be defined in the following way: 

the four-dimensional momentum transferred 
[ E A  i E B  

(10.1) 

where 5 and #. are the four-dimensional momenta of the created particles 

(.=Yi (Pi, f i  )). The square of the transferred four-dimensional momentum, if - 
the collision takes place symmetrically in the C system is * 

J /295 

In this form the quantity Az can be evaluated in terms of the experimentally ob- 
served parameters, in the laboratory system, that characterize the recoil par- 
ticle B [379]. 

Other methods of evaluating Az are  given in the papers of Feinberg and 
Chernavskiy [19]. If Sa and % are  the squares of the total energy of the par- 

ticles of groups a and b in their own center-of-mass systems and S is the square 
of the total energy of the initial particles in the C system, then when S <C’S 

a, b 

%ere, as in the other equations of this chapter, the velocity of light c = 1. 
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where 8 
For given Sa, %, and O C  we obtain 

is the emission angle of one of the groups of particles in the C system. 
C 

(lo: 4) 

(10.5) 

However, to use these formulas to calculate A2 = A: + Ai is not possible be- 

cause of the extreme requirements placed on the accuracy of measurement of 
the quantities that go into them (particularly measurement of the small angle 
e 2. 

If one of the particle groups consists only of one nucleon with mass M 
(Fig. 72, a, b), 

(10.6) 

in this case A2 can be connected with the inelasticity K and still another means 
of determining A2 obtained: 

/ 29 - 

E there are several particles in each of the rays and Sa >> M2, Sb >> M2, 

(10.8) 

where S N E:, Ec being the total energy of the colliding particles in the C sys- 

tem; it equals the mass of the compound particle formed in the collision. 

The square of the four-dimensional transferred momentum can be found 
from the effective target mass, defined in [378] for a symmetric collision: 
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(10.9) 0 2  -2 ba = 4 4  

Still another means of determining Azy used by Fujioka et al. [380], is 
related to directly measurable quantities -- the emission angles of the secondary 
particles. This method is also based on an arbitrary division of the secondary 
particles into two groups. One of the groups is united with the incident particle 
and the other with the particle at rest in the L system. The four-dimensional 
momentum transferred from one group of particles to the other is considered. 
This approach arose in analysis of the experimental data based on the two- 
fireball model of interaction 

Az = A;, + A:, (10.10) 

where A:, = (Ap,,) - (a is the square of the longitudinal component and A i  
is the transverse component of the four-dimensional momentum. 

It is obvious that A:l 5 Az since 

A * -  - ( A p  ,I)* + ( A P J 2  - ( A W  

I 2 9 7  - Instead of A y  the quantity A2 is defined: 

Using these definitions we obtain 

(10.12) * 
where 

K and K 

This formula is valid for any arbitrary division of the secondary particles into 
groups. A l l  quantities entering in the expression are defined in the laboratory 
coordinate system. 

are  the inelasticities in the laboratory and mirror coordinate systems. M 

* 
This expression for A 2 was obtained in [381]. 

I1 
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Equation (10.12) is considerably simplfied if each of the groups consists of 
not less than two particles and the emission angles of all particles are small 
(tgei, << 1); then 

If it is assumed that < p  > - p ,  we obtain 1 

(10.13) 

(10.14) 

Since the summation in Eq. (10.14) is in practice carried over only charged sec- 
ondary particles, a factor of 1.5 is introduced to account for no-mesons. This 
can lead to considerable distortion if the angular distribution of charged and 
neutral particles is not the same. The quantity A!, gives the lower limit of A2. 
The contribution of the transverse component .AI  can be very great. According 
to an estimate given in [379], A: where n. and n. are  the numbers of 

secondary particles in the corresponding groups. Equation (10.14) depends on 
the way in which the secondary particles are  divided into groups. 

n.n.p2 
1 J I' 1 J 

The distribution of A2 repeats the distribution with respect to the x- 
coordinate. Akimov and Dremin 13811 showed that there is a relation between 
the distribution of particles in x (x = logtan,O) and the distribution in A2 obtained 
for the same shower for a division of secondary particles into groups ordered 
along the x scale. It was established that if there is a gap in the density of par- 
ticles for the x-representation, then the same gap is seen in the distribution over 
A2 for the corresponding values of the angles. It is natural that the same infor- 
mation is obtained from the distribution of A2 with respect to x as from the x- 
representation. In addition, one can obtain the minimum values ALin for a given 

shower, and these can be used later to construct Anin distributions for many 

showers. 

2. Analysis of A2 Distributions 

Distributions of A2 for different ways of division were studied in [380] and 
[382]. The dependence of A2 on x was obtained by Fujioka et al. [380] for a divi- 
sion of secondary particles into groups ordered along x. The maxima of the A2 
distributions agree with the maxima of the particle density along x. In order to 
investigate the behavior of the minimum possible values of A2, Akin was chosen 

for each shower and the distribution f (  Amin) was constructed for many showers 

from the JCEF collection [146] (Eo The result is shown in Fig. 73 

(histogram). For comparison the corresponding distribution derived from the 
completely peripheral model developed by Amati et al. [1291 is given there also 
(Fig. 73, curve 1). The discrepancy between the experimental and calculated 

1000 GeV). 
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distributions is clear. The average values of the minimal transferred momenta 
in the experiment a re  A -1 GeV/c. 

Erofeyeva et al. [382] determined the four-dimensional momentum trans- 
ferred in interactions of particles with energy 2 100 GeV with carbon nuclei from 
the group of particles comprising the narrow cone to the group in the wide cone. 
Such a division was possible because the energy of the primary particle was known 
(ionization calorimeter). Curve 3 of Fig. 73 represents the distribution over the 
longitudinal component of the transferred four-dimensional momentum for the in- 
teractions in graphite. Attention is called to the group of events with small values 
of the transferred four-dimensional momentum. In approximately 80% of the 
cases, charged particles produce events with A,,  < 0.3 GeV/c. In addition, among 
these events are those for which A,, = 0. They arise when charged particles are 
absent in one of the cones. In some cases this may mean that instead of charged 
particles, neutral T ')-mesons, concentrated in one of the cones, are  formed. Then 
the value obtained is fictitious. 

. ._ 

Figure 73. Distribution of A (or Amin): 

1 - Calculation on the Completely 
Peripheral Model of Amati [129]; 2 - 
Experimental Distribution [146]; 3 - 
Experimental Distribution [382]. 

I I  
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However, there are  events in which not only charged particles but also 
neutral particles are emitted only forward in the C system of the colliding 
nucleons. These cases we explained earlier as  collisions with small target 
masses (see Chap. 9). For them, A = 0 means that there has been no excita- 
tion of the target nucleon, i.e., the diagram of Fig. 72c evidently applies. The 
average values of the longitudinal components of the transferred four-dimensional 
momenta are given in Table 61. 

/300 
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0.82 + 0.04 
Gev/c 

0.71 + 0.06 sions into groups. In doing this, informa- 
Ge v/c tion about the mass of the target particle 

Figure 74 shows the behavior of the A2 distribution for various types of 
processes, experimental results for which are  given in Table 62. 
tification of the secondary nucleons and information about the momenta and nature 
of all secondary particles are required for the analysis. 

Positive iden- 

0 

9 
- x  \ 

I I .  - 1  

7 8 77 

. .  

C 

n 

Figure 74. Distribution of A' 
for Pr.ocesses of Different Type: 

a - Collision of the Central Type; 
b and c - Peripheral Distributions 
(b - with Formation of One Fire- 
ball). 
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TABLE 62. FREQUENCY OF APPEARANCE OF DIFFERENT 
TYPES OF DIAGRAMS. 

Position in 
Fig. 74 

a 
b 

C 

Number of 
cases 

7 
1 

25 

._ 

15 

Interpretation 

Central interactions 
Fireball with MF - 3 GeV/c2 

Peripheral interactions with un- 
symmetrical excitation o€ 
nucleons 

Pe ripher a1 interactions with 
weak excitation of one of the 
nucleons 
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CHAPTER 11 

A SUMMARY 

One of the important problems which has been debated in recent years is 
the explanation of the mechanism of particle collision at  high energies. Many 
different models have been proposed, some of which have been extremely attrac- 
tive in construction but not in degree of validity. This is partly due to the fact 
that the experimental situation in the investigation of the basic parameters of the 
process of interaction at high energies either admits of various interpretations 
(because complete information about the interaction is lacking) o r  the data are not 
sufficiently reliable. 

The complexity and variety of the phenomena occurring at superhigh ener- - /302 
gies do not permit working with solely the average parameters and require an 
individual approach to the processes being studied. 

Unfortunately, there is no theory of strong interactions, only a series of 
theoretical models, which may conveniently be divided into models describing 
central collisions (with the participation of many particles as propagators of the 
interaction) and peripheral collisions, which occur as  the result of the exchange 
of one meson. Central collisions are described on the basis of statistical o r  
hydrodynamical ideas, whereas the picture of peripheral collisions contains 
much arbitrariness and is based on specific models of the interaction drawn by 
means of Feynman diagrams. The confrontation of experimental and theoretical 
results is carried out almost blindly, since it is very difficult, and sometimes 
even impossible, to subdivide the investigated events beforehand into central and 
peripheral classifications. 

In this chapter we shall sum up the analysis of the experiments considered 
earlier. 

1. The principal parameter of the process, the effective cross section of 
the nucleon-nucleon interaction at cosmic energies is in no case ever smaller 
than at energies h. 30 GeV 

4" = 46k ? for E, - I O 3  GeV 6 
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The cross section of the interaction of a nucleon with a carbon nucleus re- 
mains constant up to energies of l o 3  GeV, with a probability of 90% (twice the 
standard deviation). 
a lead nucleus, there may be an increase of up to 15% (twice standard deviation) 
when the energy changes from 10 to lo4 GeV. 

For the cross section of the interaction of a nucleon with 

Since the predictions based on various theoretical treatments give a change 
of the effective cross section within limits of 10 - 15%, the available experimental 
results do not permit any definite conclusions in favor of any model in particular. 

2. The experimental dependence of ns on Eo is given by Eq. (5.4). How- 
ever, it is not yet possible to categorically deny a dependence of the type Elk ,  
and so this criterion cannot be used to distinguish between the hydrodynamic and 
peripheral models. 

/303 

We are not yet able also to solve the question of whether there are succes- 
sive collisions with nucleons in the nucleus, o r  whether the nucleon interactions 
at once with the whole system, merely by analyzing the connection between ns 
and A,  since in both cases the functions are very much alike. 

More definite information can be obtained in the study of the fluctuations of 
n at a fixed energy. A t  high energies, experiment gives greater fluctuations in 

ns than are  predicted by hydrodynamic theory (see Chap. 5, Sec. 6.3) .  

It should be mentioned that in the collision of nuclei the distribution over 
multiplicity corresponds to the independent collision of the nucleons that enter 
into the nucleus. 

S 

3. The relation between the various sorts of created particles is predicted 
by the statistical and hydrodynamic theories. In experiment a better agreement 
is obtained with hydrodynamic theory, both in the region of high and at low energies 
of the primary particles. The average momenta of heavy particles is found to be 
greater than those of light particles, which also agrees with hydrodynamics. 

4. A t  moderate energies (<  200 GeV), a comparison has been made of the 
energy spectra of secondary particles with statistical theory. Satisfactory 
agreement was obtained. 

A t  high energies pions appear with energy proportional to the energy of the 
primary particle. Their existence is explained by the creation of isobars. It is 
extremely important that the primary particle in the nucleon-nucleon (pion- 
nucleon) collision retains its nature and a significant part of its energy (Chap. 6, 
Sec. 2). Until not this phenomenon has not been successfully explained from the 
viewpoint of hydrodynamic theory. 

There are indications that in the collision of nucleons with heavy nuclei the 
primary particle is not always conserved, and a pion takes on the role of the most 
energetic particle. 
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5 .  According to the Landau theory, the inelasticity should be close to 
unity. The peripheral theories, on the other hand, give small inelasticities. 

From the distributions of inelasticity for nucleon-nucleon collisions it 
follows that there exist in nature interactions with large and small inelastici- 
ties (see Chap. 8). 

In pion-nucleon collisions the ratio of central to peripheral collisions is 
unknown. Feinberg [384], on the basis of data obtained mainly from an analysis 
of angular and transverse momentum distributions, decided that the probability 
of existence of central and peripheral collisions was the same. 

/304 

There is another path to the elucidation of the role of peripheral collisions. 
In nucleon-nucleon interactions the predominance of nucleons among the most 
energetic secondary particles (nucleon conservation) is evidence in favor of the 
peripheral character of the collision. In pion-nucleon collisions it is impossible 
to separate central from peripheral collisions by means of this criterion, since 
the appearance of an energetically isolated pion is possible as  the result of its 
conservation in a peripheral collision or  of its regeneration in the shock wave. 
Since in the latter case the process is statistical, all three kinds of pions 
(r*, T O )  should arise with equal frequency, whereas in the peripheral collision 
the appearance of pions of other signs is determined by the charge exchange 
probability. It is assumed that charge exchange occurs with a unit change of 
charge (see Chap. 8). This leads to deviations from the relation implied by the 
isotopic invariance in 7r - N collisions. 

6. The distribution of transverse momenta for pions in the region of very 
high energies, as  well as the dependence of < p  >on Eo and the mass of the sec- 

ondary particles, agrees well with hydrodynamic theory. 

In peripheral collisions the average value of the transverse momenta 
should not be large, which does not contradict experiment. However, the peri- 
pheral theories could also explain high transverse momenta if one considers the 
exchange of heavier particles than pions. 

So far, by comparing the central and peripheral collision theories, we 
have not gain any insight into the mechanism of the peripheral interaction, where- 
as by central we have usually understood the hydrodynamic picture for the inter- 
action. 

1305 

The analysis of angular distributions permits specific assumptions about 
the model for peripheral collisions. In this, one most frequently considers the 
fireball model, the isobaric model, o r  assumes that the peculiarities of the 
angular distribution are determined by the structure of the nucleon. 

The isobaric model arises in connection with the presence in the energy 
spectrum of the secondary particles, of pions having an energy proportional to 
the primary energy. A t  accelerator energies proof has been obtained of the 
existence of isobars. A t  cosmic energies there is no such proof as  yet. There 
a re  only certain indications that a similar process exists (see Chap. 13).  

’ 
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To explain the anomalies in the angular distribution of secondary particles, 
the fireball model for the interaction mechanism was proposed, but it is not the 
only one that explains the anomalies seen. A competing explanation is the 
assumption that the collision produces a motionless agglomerate of excited 
material having a large angular momentum (see Chap. 9, Sec. 4). The decay 
of this agglomerate leads to a cosine form for the distribution law for secondary 
particles in the C system. A s  was shown by Ezave et  al. [385], the magnitude of 
the angular momentum of the system of mesons is given by the relation 

where m is the degree of the angular distribution. 

The arguments considered thus fa r  do not give conclusive evidence in favor 
of the predominance of the fireball mechanism at high energies (see Chap. 9, 
Sec. 6.6). 

Sometimes it is assumed that the existence of asymmetric showers may 
serve as  proof of the emergence of one fireball. However, as  was shown in 
Chap. 9, Sec. 6, this interpretation likewise is not unique. 

In a number of papers, the existence of structure in the nucleon is given as 1306 
an explanation for the very same experimental facts. Analysis of the experiments 
shows that the observed asymmetrical showers are  symmetrized in the system 
with target mass - m =. This value for the target mass for the asymmetric cases 
is obtained both at  accelerator energies (see, e. g., Gainotti et a1 [371] and at 
cosmic energies [34]. If the asymmetry is a consequence of the emergence of a 
fireball moving with Lorentz factor 7 relative to the C system, then this Lorentz 
factor will be different at accelerator and cosmic energies. Proof of a change in 
7 with increasing energy could be an argument for the fireball model. However, 
results with reliable measurement of energy of the primaries, evidently, indicate 
no significant dependence of 7 on energy (see Chap. 9, Sec. 6). 

Highly asymmetric showers with low multiplicity are rarely encountered. 

Zatsepin and Nikishov [386] showed that such showers can be interpreted 
as  the result of photonuclear creation. 
asymmetric dispersal can be observed in the coherent creation .of pions. 

Still lower multiplicity (ns M 3) and 

It is obvious that not one of these theoretical models by itself can explain 
the collection of experimental facts. Hence attempts have been made to unite 
them. In [387] and [388] the possibilities for the generation of resonances a s  a 
result of a hydrodynamic process are considered. Feinberg and Chernavskiy 
[389] propose a hydrodynamic peripheral model in which both central and peri- 
pheral processes are  simultaneously present. 

It is extremely important that in the investigation of the interactions of 
pions and nucleons it has been found very recently that there are differences in 
a whole series of parameters. These include: interaction cross section, 
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multiplicity, inelasticity, spectrum of secondary particles, angular distribu- 
tion, and transverse momentum distribution (see the appropriate sections). 

This difference appears both in the region of accelerator energies, as 
well as at energies of the order of 10sGeV. 
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PART I11 

CHAPTER 12 

ENERGY SPECTRUM AND COMPOSITION OF THE 
PRIMARY COSMIC RADIATION 

1. Direct Measurements 
.. . 

1.1. Methods . . _ - _  Applicable at Moderate Energies /30 - 7 

The form of the energy spectrum and the absolute intensity of the primary 
radiation are of the first importance in understanding the processes of develop- 
ment of the components of the cosmic radiation in the atmosphere, as well as  in 
studying the origin of cosmic rays. 

However, the question of the spectrum and absolute intensity still continues 
to be discussed, and different sources yield contradictory results. 

There are several ways to establish the form of the spectrum and determine 
the intensity of the primary radiation. In the region of moderate energies (to - 15 Gev), investigation of the latitude effect at  the limits of the atmosphere gives 
the possibility of solving this problem, since the magnetic field of the Earth inter- 
cepts those particles having a momentum less than a certain critical value p c, 
depending on latitude. The intensity of radiation with momentum greater than 
pc does not change thereby. The critical values pc for different geographical 
coordinates were calculated not long ago by Quenby and Wenk [3901. Since the 
geographic and geomagnetic coordinates do not coincide, the critical values pc, 

or to be more exact, the magnetic rigidity 5 = A r c b e ,  depend not only on the 
geographic latitude, but also on longitude. (A and Z are  the mass and charge 
numbers of the nucleus, and p is the momentum of each of the nucleons entering 
into the nuclear composition. ) The magnitude of the magnetic rigidity for verti- 
cally incident particles is presented in Table 63 (for more detailed data, see 
[390] and [391]. 
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TABLE 63. DEPENDENCE OF MAGNETIC RIGIDITY ON GEOGRAPHIC 
LATITUDE AND LONGITUDE (IN GeV). 

20' 1 40"  1 latitude 
00 

0.274 
1.12 
3.06 
6.7 

' 14.4 
, 11.2 

70" ' 
60" 
50" 
40" 
30" 
20" 
1 0' 
0"' 

10" 
20" 

% 40" 

s 

4 30"' 

i2 59O 
60" 
70" 

0.376 
1.28 
3.63 
7.20 

11.6 
14,9 
15.6 
14.9 

12.4 
10.2 
7.9  
4.59 
2.65 
1,24 
0.512 

0.453 
1.42 
3.81 
7.61 

12.6 
15.5 
16.4 
15.7 

13.4 
10.7 
6.8 
3.77 
1.81 
0.77 

~ 0.294 

East  longitude 

0.505 
1.54 
3.77 
7.80 

13.5 
16.1 
17.0 
16.3 

14.4 
10.5 

5.9 
3.18 
1 .;44 
0.512 
0.136 

800 

0.54 
1,75 
3.84 
8.2 

14.3 
16.5 
17.6 
16.8 

14.9 
10.8 

5.1 
2.48 
0.90 
0.281 
0.055 

100' 1 
0.55 
1.82 
3.98 
9.4 

14.5 
16.8 
17.7 
17.2 

15.0 
10.9 
4.62 
2.03 
0.63 

120' 

0.56 
1.87 
4.15 
9.6 

14.5 
16.4 
17.1 
17.0 

15.1 

10.5 
4.70 
1.98 

0.55 

- 
1 4 0 O  

0.57 
1.90 
4.26 
9.0 

13.9 
16.0 
16.5 
16.5 

15.2 

11.1 
5.2 
2.28 
0.63 

I 60° 

0.512 
I .76 
4.37 
8.5 

13. I 
14.8 
16.0 
16,2 

15.2 
12.1 

6.2 
3.01 
1.02 

O.OS6 I 0.194 
0.00241 0.6256 



TABLE 63 (Continued) 

14.8 
14.0 
12.6 
8.3 
4.50 
2,19 
0.85 

latitude 
200 

14.8 
13.8 
11.7 
6.7 
3.39 
1.42 
0,512 

I 

11.6 
10.2 
7.3 
4.15 
1.69 

70" 0.151 
60" 0.72 
53" 2.24 
40" 4.94 
30" 8.8 

7s 

12.6 
10.4 
6.8 
3.89 
I .57 

1 

0.061 0.0177 0.082 , 0.152 0,056 0.161 
0.365 ' 0.181 0.125 0.174 0.381 0.75 
1.28 0.73 0.63 0.85 , 1.44 2-23 
3.01 2.06 1.97 2.52 3.83 4.99 
5.8 4.48 4.45 I 5.6 7.3 8.9 

20" 12.8 10.1 8.5 8.3 
IO" 14.6 j 13.6 12.4 11.8 

13.6 13.5 0" 12.2 1 4 , l  

IO" I 13.1 I 13.4 
20° ~ 11.4  1 12.2 
30" I 9.9 

5 40' il 8.0 
50' ' 6J0 2,81 

1 70' 

11.1 
9.3 
6.7 
3.85 
I .61 

9.8 
13.3 
14.6 

14.6 
14.0 
13. I 
9.7 
5.6 
3,05 
I .27 

0.283 , 0.421 
I .25 
3,22 
6.2 

10.4 
13.7 
15.0 
15.6 

15.2 
13.3 
9.5 
5.2 
2.29 
O.H? 

0.269 

1.55 
4.09 
7.7 

12.3 
14.2 
15.4 
15.9 

15.3 
12.6 
7.7 
4,33 
1.45 
0.453 
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/3 10 Thus the Earth's magnetic field permits the analysis of cosmic? particles - 
arriving along the vertical with momenta less than 17 GeV/c for singly charged 
particles . 

In this work we shall not consider the region of very small primary ener- 
gies (Ekin < 1 - 3 GeV). In this region the cosmic radiation is subject to tem- 

poral changes and is treated in special monographs and surveys [392, 3931. The 
energy region above several GeV is relatively stable in time. 

Measurement of the energy spectrum and absolute intensity at  such ener- 
gies has been made by many authors (see e. g. , [394]). The principal instruments 
a re  usually Cerenkov or  Geiger counters. Above these instruments there is al- 
ways a certain amount of material (container lining, body of satellite, residual 
atmosphere, if the measurement is carried out at  balloon heights). The final 
value of the intensity of the primary radiation is obtained by extrapolating the 
data obtained to the limits of the atmosphere (x = 0). One has to take into account 
also the albedo, i.e., particles scattered in the atmosphere or  in the material 
surrounding the measuring apparatus which imitate the primary particles. In 
the older literature the intensity was very greatly overestimated because of fail- 
ure to allow for albedo 13941. The more recent data may be considered to be 
sufficiently reliable. 

In the higher energy region the only direct method was for a long time the 
observation of nuclear interactions in photoemulsions raised by balloons to a 
height of about 40 km (several grams of residual atmosphere). The energy of 
the particles was estimated by the Castagnoli method or  by the energy of sec- 
ondary electron-photon cascades. A s  we have already mentioned many times, 
the first method leads to a strong distortion of the spectrum and intensity (see 
Fig. 8, in which the spectra of the same events measured by these two methods 
are compared). The second method does not distort the form of the energy spec- 
trum much, if the magnitudes of aoand h do not vary with energy. The absolute 
intensity in this case depends on assumptions about the transfer from the total 
energy of photons to the energy of the primary particles and on the selection 
criteria (threshold of registration, see Chap. 1). Haber-Shain, using the 
Castagnoli method, obtained the index of the primary spectrum 
energies -loii eV, which is markedly less than other methods give in this 
energy region. La1 [396] measured the primary intensity from electron-photon 
cascades. His value is too high on account of the use of too high a coefficient 
of transfer from the energy of the photon shower to the energy of the generating 
particle. 

y- 1 = 1.3 at 

1.2. Ionization Calorimeter Method 

The method of the ionization calorimeter for investigations of primary 
radiation is extremely promising [397], and its application was made possible 
by the creation of heavy satellites in the Soviet Union. The use of an ionization 
calorimeter in a satellite permits the investigation of the energy spectrum in the 
energy interval from loii to loi4 e V  with a single apparatus. In the lower energy 
region measurements with the calorimeter are less reliable, since the e r ror  in 
determining energy increases. 

/3 11 
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According to preliminary results with the llProtonlf satellite, the index of 
the energy spectrum of all primary particles y - 1 = 1. 73'Ooi in the interval 

from 40 to 2 x l o 5  GeV. 
-0 .08 

In this work an apparatus of the calorimetric type with scintillators as  
ionization detectors was used. 
2.5 nuclear path lengths of iron. 

The thickness of material in the apparatus was 

A s  is shown in Chap. 3, in an apparatus with an absorber of this thickness 
the fraction of evolved energy depends on the energy generating the interaction 
of the particle. One finds from Table 8 (Chap. 3) that a calorimeter with ab- 
sorber thickness of about 2.5 A can increase the index of the energy spectrum 
of protons in the energy interval loii  - loi2 eV by about 0.2. 

The spectra of nuclei can be measured more reliably, since for them the 
effective calorimeter thickness (expressed in interaction path lengths) is greater 
than for protons. The contribution of heavy nuclei to the number of registered 
particles of the global flux is equal to the contribution of protons at energies of 
10 - 100 GeV. Consequently, the spectrum of all particles is less distorted than 
the proton spectrum. In addition, there is a compensating factor - the decrease 
in the role of nuclear fragmentations with increasing energy. A l l  of this means, 
evidently, that the spectrum of all particles measured in the "Proton" satellites 
is not distorted too strongly. 

/312 

Because of the small thickness of the absorber in the calorimeter, it is 
impossible to determine the absolute intensity of particles with a given energy. 
However, if one uses the data of geomagnetic measurements at an energy of 
about 20 GeV, then it is possible to reduce the spectrum at high energies by 
extrapolating it with a slope y - 1 = 1 . 7  from the point with energy 20 GeV. An 
increase of absorber thickness would make it possible to obtain more accurate 
values of the exponent of the energy spectrum and of the absolute intensity. 

1.3. Measurement of the Energy Spectrum in the High Energy Region 

In the region of energies above loi4 eV measurements of the spectrum of 
primary particles are based on the observation of broad atmospheric showers. 
By summing the energy of the electron-photon component, the nuclear compon- 
ent, as well as  of muons and neutrinos, one can determine the total energy of 
the shower and, consequently, the energy of the primary particle. Thus, this 
method is in essence calorimetric. 

The difficulty, however, is that observation of the shower is made at only 
one level, and the number of detectors is limited. Hence each shower is treated 
with respect to some averaged parameters. An analysis of the errors  arising in 
the determination of the number of particles in the shower was made by Clark 
[398] and by Soloveva [399] and showed that these errors  do not exceed 20 - 40%. 

The transition from the number of particles Ne at the level of observation 

to the primary energy of particles E that evoke the shower is made on the basis 0 
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of specific models for the development of a wide shower. It has been found that 
the final result (i. e. , the relation between Eo and Ne) depends little on the choice 
of model [2, 400, 4011. 

/3 13 In work done under the leadership of Zatsepin [2, 4021 it was shown that - 
fluctuations in the number of interactions of nuclear-active particles in the at- 
mosphere and slight fluctuations in the elementary act (more specifically, fluc- 
tuations in the fraction of energy transferred to photons from case to  case) are 
of extreme importance. A s  a result of these fluctuations the measured number 
of particles at the level of observation increases by about a factor of 2. 

The energy spectrum of primary particles from data on broad showers was 
traced out to energies of lozo e V  [403J. The spectrum of all particles is regis- 
tered in this way, although a more detailed analysis of the properties of broad 
showers can assist in the determination of the fraction of nuclei in the primary 
radiation. In [404 - 4061 an increase was observed in the number of multi- 
branched showers in the region of loi5 eV, which can be interpreted as the result 
of the enrichment of the primary radiation by nuclei. 

According to data from the "Proton" satellites, the spectrum of the cosmic 
radiation is enriched by nuclei beginning already at 2 x lo3  GeV, and the spectrum 
of protons becomes very steep ( y - 1 N 2.6). 

A decrease in the fraction of protons in the primary radiation with increas- 
ing energy can cause the spectrum of protons in the bottom of the atmosphere, 
proceeding without the accompaniment of a i r  showers, to be markedly steeper 
than the spectrum of all nucleons. This, in particular, can explain the experi- 
ments of Grigorov and Zatsepin [69, 701 in which the steep spectrum of protons 
was interpreted as the result of a reduction of the interaction path of nucleons 
with energy (see Chap. 4). 

A study of the spectrum of broad atmospheric showers with respect to the 
number of particles at sea level shows that when Ne 2 l o 6  an increase in the ex- 

ponent of the shower spectrum is observed [398, 4071. The effect can be explained 
by a change of the primary spectrum in the region 2, loi5 eV. A t  very high ener- 
gies loi7 eV, the spectrum looks as  if it again becomes flatter ( y  - 1 1.7) 
[408]. This second change is confirmed by the observation of the spectrum of 
muons in showers [409]. Thus, primary spectrum cannot be represented by a 
power law with a constant exponent y (Fig. 75). 

Measurements show that, in the region of energies sensitive to a magnetic 
field, the value of y - 1 varies from 1 to 1.5 at energies of 1 - 20 GeV. Then 
the exponent of the spectrum becomes relatively stable, and in the interval lo2  - 
l o 5  GeV it equals y - 1 = 1.7, although a smooth change to 1.9 cannot be excluded. 
At  energies of the order loi6 - loi7 eV, the spectrum determined from data on 
broad showers has an exponent 2.3 k 0.2 14031. 

/314 

The change of the exponent of the spectrum with energy must lead to certain 
peculiarities in the deepest parts of the atmosphere. Thus, if the spedrum of 
the primaries experiences a sharp change in any region, then the secondary com- 
ponents of the radiation must feel it at  significantly lower energies, particularly 
at  the bottom of the atmosphere. 
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Figure 75. Integral Energy Spectrum of the Pri- 
mary Cosmic Radiation: 

5 - [4121; 6 - [96]; 7 - [413] and [4141; 8 - 14153; 
Black Points, Geomagnetic Measurements. Upper 
Right - Approximation of the Primary Spectrum 
from [416]. 
Mountains). 

1 - y - 1 = 1.7; 2 - [410]; 3 - [411]; 4 - [2]; 

(7 and 8 - Measurements on 

2. CHEMICAL COMPOSITION O F  THE PRIMARY COSMIC RADIATION 

2.1. Introduction 

The composition of the nuclear component of the primary cosmic radiation 
observed at the limits of the Earth's atmosphere depends on the .cosmic abun- 
dances of the elements, the acceleration mechanism, and the diffusion of cosmic 
rays from the sources of their creation to the point of observation. 

Experiments on the determination of the composition of cosmic rays ob- 
served on the Earth and its comparison with the cosmic abundances of the ele- 
ments (according to the well known listing of Suess and Urey) have shown that 
the processes of diffusion and acceleration play an important role. In particu- 
lar, before they strike the Earth, the cosmic particles pass through 2 - 3g/cm2 
of the material in interstellar space. Fragmentation of heavier primary nuclei 
explains the considerable content of Li, Be, and B nuclei in the composition of 
the primary cosmic radiation. Another feature of the mass spectrum is the 
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enrichment of the cosmic radiation by heavy nuclei. Iron nuclei are encountered 
15 - 20 times more frequently than expected from the abundance of this element, 
and nuclei heavier than iron are 100 times more frequent. The latter are ob- 
served a million times less frequently than protons. 

/316 

These features are of surpassing importance for the solution of the prob- 
lem of the origin of cosmic rays, and special monographs have been devoted to 
them. The presence of nuclei in the cosmic radiation is of practical interest, 
since it gives the possibility of investigating collisions of the nucleus-nucleus 
type at high energies. In addition, the composition of the cosmic radiation de- 
termines certain of the characteristics of the secondary components in the atmos- 
phere. For these purposes, it is necessary to know the chemical composition of 
the cosmic rays, the energy spectra of the different nuclear components, the ab- 
sorption paths, and the interactions and fragmentation parameters of nuclei. 

Up to the present time the majority of the results of the study of the chemi- 
cal composition has been obtained in the region of energies that can be analyzed 
with the aid of the Earth's magnetic field. The energies of particles of different 
mass but the same rigidity are  different. The difference is determined by the 
ratio A/Z, which for protons is equal to 1 and for light and average nuclei about 
2, and by the dependence of energy on mass for the same momenta. In the re- 
gion of very high energies (E >> mc2) the latter ceases to play a role and the 
energy per nucleon for the same rigidity is half as great for nuclei as for protons. 

2.2. Chemical Composition at Different Energies 

The chemical composition is constant over a wide energy interval. Many 
investigators have come to this conclusion [35, 392, 4171. Table 64 gives the 
results of the measurement of the exponent of the energy spectrum in the inter- 
val of energy from 1.5 to 20 GeV/nucleon for nuclei from geomagnetic measure- 
ments, as well as  the results obtained in the region of high energies by the method 
of relative scattering during fragmentation. 

It should be kept in mind that the exponent of the energy spectrum of nuclei 
and protons in the low-energy region depends on the solar activity [392]. Hence, 
the difference in the exponents in different papers is partially explained by this. 
A comparison of the data presented in Table 64 shows that no significant differ- 
ence exists in the energy spectra of different nuclei up to energies in the hundreds 
of GeV. The energy spectrum of protons a t  energies 4 - 20 GeV has an exponent 
close to y - 1 N 1.5, which also differs little from the exponent of the spectrum 
of nuclei. 

Badhwara et al. [14'5] and Durgaprasad [4271 examined the ratio of intensities 
of different nuclei at  1.5 and 7.5 GeV/nucleon. Their analysis also showed the ab- 
sence of any strong changes in composition in the interval from 1.5 to 7.5 GeV/nu- 
cleon. 

The results a re  given in Table 65. 



TABLE 64. EXPONENT OF THE INTEGRAL 
ENERGY SPECTRUM OF NUCLEI. 

Energy 
Interval, 

GeV 

a) Helium Nuclei 
~~~ 

Refer- I ence Y -  1 

1 .+7.0 
1 . 5 7 . 5  

2-7.5 

1.5-800 
15-1500 
2-1000 

6-20 

1.45*0.04 14181 
1.31*0.15 14181 
1.41J-0.12 [ ,392 1 
I .a4?0.22 14191 
I .J9*0.22 [4201 
1 .58~0 .20  ['I311 

1 35 (4191 

b) Nuclei of Groups M and Ha 

Energy 
Interval, 

GeV 
- ... 

1.64-7.5 
1.64-7.5 
0.2-8.0 
1 .&lo 

4-16 
4-26 

1.5-7.0 
7-100 

t- 
1 .i7*0.11 
I .6550.30 

0.16 

I .  59 +O .09 

1-54 ko. 13 

1.51 10.10 
1.5710.20 

- 
1.6350.17 
I .78*0.35 

1.82kO. 19 
I .26+0.30* 
1 59 i0 .13  
1.6250.23 

- 

Refer- 
ence 

M and H a re  groups of medium and heavy 
nuclei, respectively. 

a 

b~ + H. 

TABLE 65. INTENSITY RATIOS OF 
DIFFERENT NUCLEI AT THE 

LIMITS O F  THE ATMOSPHERE. 

a n,-z>?o;  H , - Z = I G  19; H , - Z =  
= 10.- 15. 
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I I I III 

Cutoff ene r gy 
for nuclei, 

GeV/nucleon 

/3 18 Information on the chemical composition of nuclei in the region 2 > 30 are - 
contradictory. 

In [428], which presents data obtained from satellites, the fraction of 
nuclei with 2 > 30 - 40 with respect to nuclei with 2 2 15 was found equal to 
3 x 1014. 

z s 2  

The average values of the ratios of the intensity of nuclei with 2 2 30, 
Z 2 40, and 2 2 48 to the intensity of nuclei with 2 2 2 1  obtained from measure- 
ments by the Vroton-ltf and “Proton-Btf satellites a re  [429]: 

In this same paper the intensity ratio 

is given, which gives the possibility of evaluating the absolute fluxes of different 
nuclei according to the results of Tables 65 and 66. 

TABLE 66. INTENSITIES OF NUCLEI AT THE LIMITS 
O F  THE ATMOSPHERE, m’2sec‘ister-i [3921. 

_---- 
I .2 
2.2 
3.9 
5.6 
6.7 
7.4 

120.6k8.7 
121.3f8.7 
80.0k7.3 
38 .O f 5 . 3  
29.3 *4,7 
26. Of 4.7 

Z 2 5  

9.8k0.7 
8.5k0.6  
5.7&0,5 
3.2k0.2  

2 .320 .3  
2.0k0.3 

Z 2 12 - 14 

1.3k0.2 
0.7k0.2 

0.40*0.15 - 
0.15k0.06 - 

2.3. Absolute Intensities of Nuclei and Nucleons at the Limits of the Atmosphere 

Table 66 gives the results of the measurement of the intensity of different 
nuclei obtained at the time of the flight of the third Soviet capsule-satellite [392]. 

Anand et al. E4191 summarized the results of the measurement of the abso- - /315 
lute intensity of a! - particles over a wide energy interval [418-421][430-432). 
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If one averages the results obtained at  the same energy, the following data are 
obtained (Table 67): 

TABLE 67. ABSOLUTE INTENSITY 
OF HELIUM NUCLEI AT THE 

LIMITS OF THE ATMOSPHERE. 

Cutoff energy 
for nuclei, 

Ge V/nucleon 

6.4 
7.2 
8.2 
8.6 
10.7 
15.5 
800.0 

1500 

26.6 f2.2 
22.7*1,4 
15.7k I .2 
16.5k 1.1 
10.5k1.2 
4.7k0.9 
1.7. IO--* 
3.6. IO-' 

Depth 
g/cm2 

10.2 
10-18 
6 1  1 
7-16 
10.2 
10.2 
9.3 

10.0 

Most of the results presented in Table 67 were obtained with the aid of 
photoemulsions. 
layer of the atmosphere and require extrapolation to the limits of the atmos- 
phere. This extrapolation is carried out either from measurements at several 
heights or from ca'lculations with allowance for the interaction paths of the nu- 
clei and their fragmentation parameters. For these purposes, the absorption 
paths in air may be used. The absorption path lengths are  considerably reduced 
as  the nuclear charge increases. Thus, according to data of Webber and Ormes 
[433], the absorption path length of a -particles in air  is 52 g/cm2. 
nuclei it is L 

The measurements were carried out under a considerable 

For other 

= (26.6 2 8.9) g/cm2 [145], L = 24.5 k 2.5 g/cm2, L a  + M  = 33 4 I. 7 g/cm2 

= (35.1 L 10.7) g/cm2 [145], LM = (32 k 1.2) g/cm2 [417], M 
LM 
[4171. 

The same problem arises in the measurement of the intensity of primary 
protons. To calculate the intensity at the limits of the atmosphere it is impos- 
sible to use the absorption paths of protons measured at  the bottom of the atmos- 
phere, since the loss of protons on account of interactions close @ the limits of 
the atmosphere is replenished because of nuclear fragmentation. Calculations 
of the absorption curve of protons with allowance for this effect were made by 
Waddington [4261. According to recent measurements, the intensity of primary 
protons near the equator (pc > 16 GeV/c) is [434-4361 

/320 

This value can serve as a basis for the construction of the spectrum in 
the region of higher energy. 

2 57 



The data of [434) and [435] also agree with respect to  the intensity of pro- 
tons at momenta of about 4 GeV/c: 

Zp = (550 f 40) m-?. sec-'. ster;-'. 

These two values determine the exponent of the proton spectrum in the in- 
terval 4 - 16 GeV. It turns out to be y - 1 = 1.42 k 0.11 in [4341 and 1.50+0.10 
in McDonald's paper [4371. 

3. MEASUREMENTS OF THE INTENSITY OF THE COSMIC RADIATION 
AT THE BOTTOM OF THE ATMOSPHERE 

3.1. Absorption-PathLen@h L 

The character of the primary spectrum extended to the region of very high 
energies makes it possible to introduce a parameter characterizing the passage 
of radiation through the atmosphere, called the absorption path length. This is 
defined as the path (in g/cm2) in which radiation with a given energy is reduced 
e times. 

If the energy spectrum has a constant exponent y ,  then in the determination 
of L one can equally well use the differential o r  the integral intensity at different 
altitudes. But if y changes with energy, then the L obtained by these two methods 
may be different. In the majority of cases the absorption path is determined from 
the integral intemity. The absorption path is closely related to three parameters: 
the interaction path X , the exponent of the energy spectrum of the particles y ,  
and the distribution of the fraction of energy retained by a nucleon after inter- 
action p :  

(12.1) * 

Particles with energy E observed at the bottom of the atmosphere originate from 
primary nucleons and nuclei with ten times greater energy. Hence, if the expo- 
nent of the primary spectrum changes significantly when the energy is increased 
ten times, then L at the bottom of the atmosphere will differ from L in the upper 
layers. If all the variables that enter in L remain constant with energy, then the 
spectra of nucleons in the atmosphere should exactly repeat the primary spectrum, 
and the primary intensity is related to the intensity at the level of observation x 
by the formula 

. .  

*This formula was first obtained by Zatsepin 11971. 
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If the primary spectrum experiences a change of exponent at some energy 
Ek(0), the absorption path will be different in different energy regions. 

bottom of the atmosphere is significantly less than the primary energy. If it is 
assumed that when Eo < Ek the spectrum has exponent yl ,  and when Eo >. Ek 

the exponent is y2, then the energy at which the spectrum undergoes a change 

will be reduced with depth according to the law 14381 

The energy at which a change in the form of the spectrum occurs a t  the 

p--I - p - 1  X E,  ( x )  = E,  (0) exp \- 
- Tz - 71 (12.3) 

If yl = 1 . 6  and y2 = 2.1, then for p- 0.5, Ek changes by a factor of 10 a t  moun- 
tain heights. If the change in the primary spectrum sets in at  3 x 1014 eV (as 
assumed in [438]), the change in the exponent of the nucleon spectrum will be 
observed at 3 x loi3 eV, i.e., in a region which is practically unexplored at 
the present time. In the region of energies greater than Ek(0) absorption of 
nucleons occurs with a path length 

If the exponent of the primary spectrum is known, the absorption path length can 
be determined from the energy distribution of protons arising in nuclear collisions 
from Eq. (12.1) or from the distribution of the total coefficients of inelasticity 

<p> == <(1 -Ky--I>. (12.4) 

Using the spectra presented in Chap. 6, we find < 19 Y-1 > = 0 . 2 7  k 0.04 and 
L -115.49 - g/cm2. The exponent of the primary spectrum is not very different 
from y - 1 = 2. Hence 
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and 

L = 2 </(> - <1(2>. 
L (12.5) 

The magnitude of <K2> = 0.34 L 0.03, and .cK> = 0.55. Consequently, 
A/L = 0 . 7 6  2 0.03 and L = 112 & 4 g/cm2. 

3.2. Measurements --- . .  of - Absolute - - - . Intensity I - - .. . . at . . the . - . -  Bottom . . .of. the Atmosphere 

Let us first consider the absorption path lengths of nucleons in the energy 
region where the measurements a re  made by magnetic methods. 
compare the results of intensity measurements at  the limits of the atmosphere 

For this we 
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[426, 436, 437, 4391 (magnetic field of the Earth) and at the bottom [413, 4151 
using magnetic spectrometers. We need to allow for the fact that only protons 
were measured in these investigations. In order to obtain the total number of 
nucleons, we shall assume that at depths of 700 and 1000 g/cm2 the ratio of 
protons and neutrons is equal respectively to 1.15 and 1.0. In addition, it 
should be remembered that nucleons observed in the atmosphere occur not only 
from primary protons, but also from nuclei. Due to the fragmentation of pri- 
mary nuclei the absorption of nucleons in the highest layers of the atmosphere 
is not exponential. 

Absolute 
intensity, 

111-258 c-ister-i 

Estimates show that the absorption will be almost exponential beginning 
with 40 g/cm2, where the intensity of nucleons with energy greater than a given 
amount differs little from the primary. Results of the calculation of L in the 
10 GeV region are  presented in Table 68. 

Refer- 
ence L, g/cm2 

TABLE 68. ABSORPTION PATH LENGTH IN AIR 
AT 20 GeV. 

Depth, 
g/cm2 

40 
703 

1000 

200 12253 14341 
0.93 
0.052 1961 

Thus, the absorption of nucleons does in fact appear to be exponential with /323 
L = 125 2 2 g/cm2. 

Most of the investigations of nuclear interactions at the bottom of the atmos- 
phere a re  accomplished with ffpulsefl instruments or emulsion chambers. In all 
cases the determination of absolute intensity requires a conversion from the mea- 
sured energy to the primary particle energy, based on certain assumptions. 

Ionization calorimeters can give more definite data. The value of the ab- 
solute intensity of nucleons was obtained in [414] at an energy E = 450 GeV and 
depth 700 g/cm2, I (E 2 450 GeV, 700 g/cm2 = (5.9 t 0.8) x 10-8cm'2sec'ister- . 
In the energy calculation no account was taken of the counting error  in nuclear 
splitting and the energy output of the calorimeter (see Chap. 3). With these cor- 
rections, I(E > 450 GeV, x = 700 g/cm2) = (8 f 1) x 10-8cm-2sec-ister'i. These 
results were obtained at the same altitude as those of Kocharyan et al [413] and 
agree with them in absolute magnitude. 

Q! 1 

A value for the absolute intensity that is twice as large was obtained in E4401 
using a TAS. This value may be too high, since the individual detectors were too 
large and did not allow exclusion of cases of simultaneous incidence of several 
particles. The value obtained for the absolute flux of nucleons should be considered 
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:S an upper limit. 
ntensity measured by the "Protonff satellites (with correction) gives the follow- 
ng values of the absorption path length at an energy of 450 GeV: 

Comparison of the intensity on mountains with the primary 

L =  110 3 g/cm2 

L ,< 120 f 5 g/cm2 I - w .  
rhus, the absorption path length decreases somewhat with energy, which can be 
2xplained by a change in the primary spectrum between loio and 10l2 GeV from 
i. 5 to 1.7. There are no direct measurements of absolute intensity in the energy 
region above lo3  GeV. 

3.3. Measurement of Nuclear-Active Particles ,with fYPulseff Instruments 

A typical apparatus for measuring pulses is shown in Fig. 15f. The graphite 
rilter placed in the upper part of the apparatus serves as  a target in which nuclear 
interactions take place. The photons produced in the target undergo cascade mul- 
Liplication in the lead layers above the ionization chambers. The thickness of lead 
is such that the number of electrons in the maximum of the cascade shower is mea- 
sured in the ionization chambers. 

A s  is known, at the cascade maximum the number of electrons Nmax is 
simply related to the energy of the photon evoking the shower. For lead this 
relation can be expressed by the formula 

Ee+Z: ~08Nm,, eV 

Registration of an ionization pulse occurs when the amount of ionization ex- 
ceeds a specific threshold E . In this case the number of pulses NT (> E )  regis- 

tered by the apparatus is 

(12.6) 

where No(> E )  is the number of nuclear-active particles with energy greater 

than E ; x / h  is the thickness of the filter in nuclear path lengths (C and Pb) ; 
f( Q! ) is the distribution of the fraction of energy transferred to 7r 0-mesons in 
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the collision of nuclear-active particles with the nucleus; y is the exponent of 
the energy spectrum at the level of observation; w p b  is a coefficient that takes 

tered with less effectiveness, since the cascade is unable to reach a maximum. 
/3> into account that the cascades arising in the depths of the lead filter are regis- - 

Usually, the thickness of the lead filters is not large, and therefore the 
contribution of the second term is small in comparison with the first. The mag- 

nitude of < CY '-' > can be directly obtained from the distributions of CY for col- 
lision of nuclear-active particles with various nuclei (see Chap. 8). According 

to [304], < Q > = 0.02 for protons and <  CY^ > = 0.22 for pions interacting in 

carbon. 
C P  C n  

When x c/ A < < 1 only one interaction can occur in the graphite filter and 

f( C Y )  will pertain to the distribution of inelasticity CY in an act. Often it happens 

that the thickness xc is comparable with A C  [412, 440al; then it is necessary to 

take into account repeated interactions, which can markedly increase < Q '-' > . 
0 

C 

If the composition of the generating particles is complex, i.e., there are  
pions along with the nucleons, for example, Eq. (12.6) becomes more compli- 
cated, since terms that take into account the contribution of pions in making 
pu1se.s appear in it: 

Since < Q! '-I % and < Q! -I> are  different, the ratio 
C C P  

(12.7) 

(12.8) 

varies as  a function of the fraction of pions in the generating component. 

Hence without special analysis and calculation of all the enumerated factors 
it is not possible to determine the absolute intensity and absorption path of nu- 
cleons from pulse measurements. 

A s  an example, we consider [412, 440a, b] where similar instruments were 
used at depths of about 200, 300 g/cm2 [4121 and 700 g/cm2 [440a]. The number 
of pulses decreased 48 times between 197 g/cm2 and 700 g/cm2, from which it 
follows that the absorption path length of the particles creating the showers is /32: - 
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L =  129 6 g/cm2 for E =  4.101' ev 
4 

Using the results of measurement of pulses at a depth of 1000 g/cm2 [440al, 
we obtain a still larger value for the absorption path lengths [412] (see Table 68). 

This length is considerably greater than that obtained earlier for nucleons, 
The difference is even sharper if (110 f 3) g/cm2, for the same energy region. 

we compare the effective fraction of energy transferred to the photons in the mea- 
surements in the two cited references. 

According to [412], in measurements at a height of 200 g/cm2 the energy of 
the primary particle was Eo = (4.4 k 0. 6)ET, whereas at 700 g/cm2 [440bl, the 
ratio is EO/ET - 2.0 (ET is the energy of the pulse). 

This difference is not hard to understand if it is realized that the pions a re  
Cal- present in the nuclear component at  the two altitudes in different amounts. 

culations based on various models show that the fraction of pions strongly decreases 
in the transition to low depths. The choice of any particular model for the develop- 
ment of a nuclear cascade in the atmosphere changes this conclusion only guanti- 
tatively. Calculations show that the fraction of pions between 200 and 800 g/cm2 
increases 3 to 4 times [411, 412, 440a, b]. 
700 g/cm2 the fraction of pions amounts to about 30% (at 500 GeV), we obtain 
N d N p  5 10% for a height of 200 g/cm2. The number of pulse at the two heights 
equals (N is the number of nucleons, NT the number of pions) 

Considering that at a depth of 

P 

The ratio of the number of pulses at the two heights equals 

500 

(12.9) 

(12.10) 

(taking L = 110 g/cm2 for the absorption path length of nucleons). The values of 
P 

Q! "-* > for protons and pions were given earlier. However, in the present 
case further secondary interactions in the graphite filter should be taken into 
account. Then 

3 
4 

= - < ~ 1 ' - ' > ~ 2  - 0,4; 
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= 1 .4<aT-* >, 0.04. 

For the calculation we take y - 1 = 2; however, the ratio obtained does not change 
much if one takes y -  1 = 1.8 or 1.9. Substituting these values into (12.9), we 
find 

which is practically the same as  the experimental value. A t  a depth of 1000 g/cm2 
the fraction of pions increases slightly compared to the fraction at 700 g/cm2 
(10 - 20%). Substituting (NT/Np)looo = 0.30 into (12.9) , we find 

which equals the experimental ratio measured in [44Oc]. 

Thus the absorption path length of nucleons with energy - 500 GeV equals 
N 110 g/cm2 on the basis of data from pulse instruments also. The results of 
the measurement of the height dependence of the number of nuclear interactions 
in emulsion [440d] are in agreement with these conclusions, although the abso- 
lute values of the intensity obtained from the photoemulsion data are more com- 
plicated (Fig. 76). If one starts from the measured absorption path length of 
the component generating the pulses, and from the absorption path of nucleons 
L = 110 g/cm2, then one can estimate the absorption path of pions in the inter- 

Val of depths 200 - 700 g/cm2 at  an energy of 500 GeV: 
P 

L - 140 g/cmP 

/328 - Measurements of the absolute intensity of pions on mountains and at  sea level 
also give the possibility of evaluating the absorption path of pions. If we start 
with the data of Kocharyan et al. [413 J at the 7'00 g/cm2 level and the measure- 
ments of Brook et al. [961 at  sea level, we can find the following value for the 

absorption path length of pions for 2 - 109<Eo<3. 1010 eV: L, = 155 f 35 ) g/cm2. ( 20 

Figure 77 shows the dependence of Ln on energy obtained by Brook et 61. 
[96] by comparing the calculated intensity of pions at sea level with the experi- 
mental value. The calculation was based on the spectrum of pion generation, 
which was 'found from the muon spectrum at sea level: 

(12.11) 
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ID 

Figure 76. Dependence of the Number 
of Nuclear Interactions on Atmospheric 
Depth : 
1 - - for Nucleons; 2 - for Nuclear- 
Active Particles; 0 - Photoemulsion, 
A- "Pulses". 

Figure 77. Dependence of Absorption 
Lengths on Energy: 
0 - for Pions. 

where N is the muon spectrum; B=g0 GeV; r =  1,32= !!!? ; D(E,) takes into 
account ( u- e )  - decay and ionization losses. This formula was obtained in 

P "5 

[441]. n;en X 
X - -- 

. ; (€ ,x )dx = F ( E ) d E . ?  fz - x 
LP 

/329 

(12.12) 
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In order that this coincide with experiment, it is necessary to take the values of 
L given in Fig. 77. The point at E - loi1 e V  is located considerably below the 

others. However, this point is based on a result obtained with higher statistical 
error. The arguments considered above are  evidence that the absorption path 
length of pions is markedly larger than for nucleons in the energy region loi i  - 
I O i 2  eV. 

n. 

The difference between the absorption and interaction paths of pions is 
thought to be due to the existence of a mechanism leading to the regeneration of 
pions [442]. It can be assumed that in each interaction one of the pions retains 
about 45 %of the initial energy. Considering that in l/s of 1/2 of the cases the 
pion may be neutral, we must conclude that on the average the energy conserved 
in the pion (charged or neutral) is greater than this. 

3.4. High-Energy Photons in the Atmosphere _. _ _  

The energy spectrum and absolute number of photons arising in 1 g of air 
was studied in [443, 444 - 4471. Measurements of photon (or electron) cascades 
a re  carried out with photoemulsions, pulse instruments, o r  calorimeters. 
Duthie et al. [444] obtained the spectrum close to the limits of the atmosphere 
in the interval of energies from 500 to 1500 GeV. The index of the integral 
spectrum y - 1 = 2.0 L- 0 . 5 ,  and the absolute number of photons 

r (0; 470 GeV = '(1.6f0.2) -IO-'/ (go see. ster) 

Abraham et al. [445] found that at a depth of 9 g/cm2 in the atmosphere and 
5 g/cm2 of a dense substance the photon flux rs( E )  equals 

r s ( E >  1000 GeV = (10.5k3.5) . 10-8/(cm2- sec- ster) 

whereas Kidd [446] gives 

r s ( E > l O O O  GeV =(5.5+-3.0). (em2- sec. ster) 

The total result from these two papers 
0.3 

/ (cm2* sec- ster) &) --1,9-+ 0.2 
r,(>E) =8-10- 

This result 

This is 1 . 5  

may be expressed in the same units as  in [444] 
0 3  

r(>&) =2.3-10- 8(4+) 4 9 + 0 : 2  /(go sec-  ster) 

times greater than in 14441. 

Measurements by Malhotra et a1 [140 'J at a depth of 
the following value for the intensity of photons from air: 

about 20 g/cm2 lead to 
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r (> = 1.2.10-s 
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. ... .. . 

interactions 
in filter, g/cm2) 

L (photons), g/cm2 

In the work of Baradzei et al. [443, 4471 the number of generated photons was 
measured at a depth of about 200 g/cm2 

149k10 1 4 6 ~ 1 0  132i10 12dk15 

- 148*10 135110 !23 

Consequently, within the limits of experimental error ,  the spectra in the 
depth interval 0 - 200 g/cm2 remain the same, at least to energies -2 - 3 x l o i2  
eV. 
apparatus is less rigid, since the efficiency of registration of photons is close 
to unity. However, even in this case, there is a significant difference between 
emulsions, where it is possible to register individual photons, and pulse instru- 
ments, in which groups of particles are  often registered, particularly at high 
energies and in the bottom of the atmosphere. 

In the case of registration of photons the requirement for the identity of /33 1 

Since photons are  extremely effectively generated by 7r -mesons, the absorp- 
tion path of the component producing photons in a i r  should be greater than the 
absorption path length of nucleons. 

Baradzei et al. [443] determined the number of photons from air at depths 
of 200 and 1000 g/cm2 (see Table 69). 

TABLE 69. ABSORPTION PATH LENGTH OF 
PARTICLES PRODUCING PHOTONS. 

In these experiments the measured quantity is the photon flux, and the gen- 
eration spectrum (i. e. , the number of photons of different energies created per 
gram of substance) is determined by calculating the effective thickness of the 
layer in which the registered photons (or electrons) arise. 

In the case of registration of individual photons, the thickness of the effec- 
tive layer T is independent of energy, but varies with depth. The effective thick- 
ness is particularly simply determined near the limits of the atmosphere, x << t, 
where x is the depth of atmosphere in g/cm2 and t is the length of the avalanche 
unit (t = 37 g/cmz in air). In this case the effective layer equals x. Table 70 
gives the dependence of T on x, as calculated in [412]. 

Y 
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TABLE 70. DEPENDENCE OF T 
ON x. 

If the photon is converted into an electron-positron pair, then immediately 
several particles a re  incident on the apparatus and the total energy of the particles 
is measured. Depending on the size of the detector and on the energy of the pho- 
tons, the thickness of the layer Te from which the particles are collected will vary. 

termining Te(E) can distort the form of the photon spectrum, and in a different 

way at each height. 

- /3 

/3: The thickness Te is a strong function of the energy. Hence an inaccuracy in de- - 

Hence, it is now difficult to be certain that a physical meaning can be at- 
tached to any variance of the photon production spectra at different depths. 

Table 71 gives measured values of the exponents of the photon spectra at 
several depths. A t  a certain energy of the photons, close to 1000 GeV, the photon 
spectrum becomes, apparently, more steep. This increase in exponent has been 
reported in a number of papers and is illustrated in Table 71. 
tion of the existence of a ltbreaktq in the photon spectrum was obtained in work by 
Fudzimoto et al. [448J, who observed that at a height of 730 g/cm2 there occurred 
a change in the exponent from y - 1 = 1.8 f 0.2 to 2.8 L 0.2 in the vicinity of 
1 0 1 ~  eV. 

The first indica- 

Later data of the Japanese-Brazilian emulsion group indicates that at ener- 
gies greater than 10l2 e V  the exponent equals 2.3 2 0.15 and 2.2 L 0.15 at depths 
of 730 and 550 g/cm2, respectively. At  lower energies the photon spectrum 
gradually becomes flatter. In work by Akashi et al. [453] measurements were 
taken, just as in the preceding work, with an emulsion chamber set up on Mt. 
Norikura in Japan (730 g/ cm2). In this work, the existence of a break in the 
photon spectrum at an energy of about lo3  GeV was again confirmed. A t  a depth 
of 220 g/cm2 a change in the exponent of the photon spectrum from y - 1 = 2.3 f 
k 0.2 to 2.8 k 0.2 was noted with the aid of the photoemulsion technique [444]. 
This change occurs at 1.5 x l o3  GeV. Near the limits of the atmosphere no change 
was found in the spectrum up to energy (1.5 - 2) x lo3 GeV [444, 4461 and Mdhotra 
et al. [140] found a change in the photon spectrum at 3 x lo3  GeV. 

Thus, with the aid of photoemulsions, which give the possibility of studying 
the spectrum of individual photons, a change is observed in the exponent of the 
spectrum in the region of photon energies (1 - 3) x lo3  GeV. Of course, it should 
be mentioned that the statistical reliability of this result is still insufficient. Ob- 
viously, if the energy at which a change in exponent is observed is not the same 
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TABLE 71. EXPONENT OF THE PHOTON SPECTRUM 

Place of 
methodof 

/332 

20 

22 

30 

197 

220 

310 

553 

700 

730 

Emulsion 
chamber 

Emulsion 
chamber 

Emulsion 
chamber 

Airplane, ioni- 
zation chamber 

Airplane, 
emulsion pile 

Airplane, ioni- 
zation chamber 

Mt. Chakaltaya 
emulsion 
chamber 

TienShan, 
calorimeter 

Mt. Norikura, 
emulsion 

1 > I  measurement 

IOC)O 

1030 

. . _. - - .  

Emulsion pile 9/ 

chamber 
Ionization 
chamber 

Ionization 
chamber 

chamber 
I Mtr Norikura, 

7301. ionization 

Exponent of the 
photon spectrum 

2 .. * 
0 - 
V 

u' 

1.9*;:; 

1.72 

1.75kO.20 

2 . 0 k 0 . 2  

1.7650.11 

2 . 3 1 0 . 2  

I . 8 3 5 0 . 1 3  

- 

2 . 1 5 0 . 1  

2 . 0 k 0 . 2  
I .8*0.2 

I .82 

1.86 

2.0*0.2 

2 
z 

A 
0 - 
u' 

- 

3.0;t0.t 

- 

- 
- 

2.8f0.: 

- 

!.2*0. I !  

- 

2.84-0.2 
2 . 3 z 0 . 2  

- 

- 

- 

~- 
Exponent of the 
spectrum of the 

:atal photon energy 
ZE? 

- 

1.44k0.05 

2.04 k0 .22  

- 

1.6k0.1  

2 .0fO. l  

1 .53f0.  12 

2.0*0.5 

- 

2.21;t0.3 

- 

- 

1.96k0.03 

/334 - at different depths, the absorption path of the number of photons will strongly 
depend on energy [4541. 

Measurements of the photon spectrum with an ionization chamber do not 
show a change in the spectra up to energies l o i 3  eV [412]. Observation of 
"young" atmospheric showers, which are  showers produced from photons in 
air not far from the apparatus, also gives a spectrum with constant slope 
y- 1 = 1.69 L 0.08 to energies E- loi3 eV (on mountains) [455]. The spectra of 
electron-photon cascades which are  engendered in the apparatus in nuclear 
interactions, as already mentioned, have an almost constant slope. 

The difference between experiments involving the observation of individual 
photons with photoemulsions and of photon showers with pulse instruments is that 
in the latter case groups of photons can be registered, i.e. , the total energy 
transferred in the act to all photons. Just as in the case when cascades are 
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produced in the apparatus, a 'break" in the spectrum may turn up at energies that 
a re  several times or  even an order of magnitude greater, if the total energy of 
the photons per act is several times greater than the energy of the individual 
photons 14481. 

Other explanations of the difference in the spectrum of local cascades or 
pulses compared with the spectrum of individual photons are  based on the assump- 
tion that there is a change in the characteristics of the elementary act at energies 
-1014 eV, 

Nikolskiy and Smorodin [456], as well as  Fudzimoto [448], assumed that 
the inelasticity a. is independent of energy, but that the partition of energy is 
increased in its distribution among the secondary TO-mesons. There may be, 
for example, a rapid rise in the multiplicity of neutral mesons. 

On the other hand, Duthie et al. [457] hypothesize that the decrease in a. 
with energy should lead to the same change in the spectrum of local (i.e., 
emerging in the apparatus) cascades as for photons, when the total energy 
transferred to photons in an act is measured, and that it is not observed in 
the experiment. 

If there is a change in the elementary act the break in the photon spectrum 
should be observed at all heights at the same energy. * Data has already been 
presented that indicates an apparent shift of the spectral break toward higher 
energies at  great heights. There is not enough information at  present to estab- 
lish accurately the region of the break as a function of height. If the shift of the 
break with height is confirmed.by further experiments, the interesting possibility 
of explaining the breaks in the photon spectrum by the change in slope of the - 

primary spectrum in the vicinity of 3 x loi4 eV will be opened up [438, 4541. 

/335 -- 
/33 6 - 

Pal and Tandon [454] calculated the photon spectra in the atmosphere at 
various depths on the basis of the isobar model developed earlier by Pal and 
Peters [411]. The result agrees well with the experimental photon spectra at  
different heights and with the muon spectrum at sea level , if it is assumed that 
the break in the primary spectrum occurs near 3 x loi4 e V  (Fig. 78). * During 
the interaction, a significant fraction of the primary particle energy is retained 
by nucleons. Therefore the nucleon spectrum will change at higher energies 
than the photon spectrum. 

qayakawa and Ogita [458] proposed a mechanism which may explain a shift 
of the break in the energy spectrum with depth. - loi4 eV the spectrum of generation of secondary nuclear-active particles softens. 
Such a softening must be felt by photons in the depths of the atmosphere. 

ponents, one of which sustains a break, and the other, of lower intensity (con- 
sisting of nucleons), extends out to the highest energies. 

They assumed that at  an energy 

HPal and Tandon considered the primary spectrum to consist of two com- 
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Figure 78. Energy Spectra of Photons 
at Different Depths in the Atmosphere 
14541 : 
1 - Depth 20 g/cm2 [140]; 2 - 220 g/cm2 
14441; 3 - 550 g/cm2 C841; 4 - Spectrum 
of Muons at Sea Level; 63 - Intensity of 
Muons Underground; Solid Lines - Cal- 
culation on the Isobar Model [4541. 
Dashed Lines - Calculation without 
Accounting for a Change in the Primary 
Spectrum. 

Estimates show that if < p = 0.25, the change in the nucleon spec- 
trum on mountains will occur a t  an energy approximately 10 times less than in 
the primary radiation. Hence if the assumption of Pal and Tandon about the 
change in the primary spectrum in the region of loi4 eV is correct, the change 
in the nucleon spectrum on mountains should be expected at  energies loT3 eV. 
There are too few data on the nucleon spectrum in this region to check this 
possibility . 

The spectrum of solitary photons in the atmosphere should experience a 
break at considerably lower energies than the nucleon spectrum. 
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In [438] the location of the break point in the photon spectrum was obtained 
under the same conditions that apply to Eq. (12.3): 

EitT ( x )  = 0.40 <u> E, (x), 

where Ek(x) is the break point in the nucleon spectrum at depth x. The quantity 

< u  > , the average fraction of photon energy, amounts to several percent. 

A s  already mentioned, the nucleon spectrum in the atmosphere has a slope - /337 
y-  1 1.9 - 2.0 compared with y-  1 = 1.7 for the primary spectrum. 

It is possible to explain a small change in the spectrum by assuming a 
change in any of the variables entering into Eq. (12.1). Since there is no large 
amount of data about the elementary act at energies greater than loi3 eV, one 
can take a change in A ,  a s  is done by Grigorev et al. [68], or  a change in /3 
(i. e. , in inelasticity). However, a further possibility is a change in the slope 
of the primary spectrum from 1.7 to 1.9 in the region 2 loi3 eV. If the primary 
spectrum changes strongly in the region 2 loi4 eV, it is obvious that this change 
cannot occur suddenly at a definite energy, but must develop at lower energies. 

In conclusion we remark that there is a difference in the position of the 
break in the primary spectrum found by the method of broad showers (a 10i5eV) 
and from the change of slope in the photon spectrum ( -  l o t4  eV) (see Chap. 13). 

However, it should be remembered that tEs latter estimate is obtained on 
the basis of specific assumptions about the mechanism of the elementary act 
(isobar model). Other models may give different estimates for the critical 
energy. 

3.5.  Differences between the Spectra of Photons and the Spectra of ZE 

In Table 71 are shown the results of the measurement of the exponent of the 
spectra of photons and the spectra of the total energy transferred to photons per 
act. One sees a small, but systematic, difference in the spectra, which is 
usually explained by an increase in the effective multiplicity of photons N . If 
it is assumed that N 

then, letting y1 and y2 be the exponents of the spectra of photons and nuclear- 

active particles, we find [459] 

.- __ __ - Y 

Y m = bE o ,  where Eo is the energy of the primary particle, Y 

Substituting values of y1 and y2 from [140], we find 

m = 0.23 f 0.1 7. 
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The same value of m is obtained from measurements at heights to 10 km 14591. /338 
Thus, the multiplicity increases in the region of energies - lo3 - lo4 GeV. 
However, it should be kept in mind that this pertains not to the total, but to the 
effective multiplicity, i. e. , on the average to the more energetic photons. 

4. RATIO O F  NEUTRAL AND CHARGED PARTICLES 
PRODUCING SHOWERS. 

4.1. Experimental Determination of the Ratio of Charged and Neutral Particles 

The study of the ratio of charged and neutral particles creating nuclear 
interactions of high energy has been conducted in various energy intervals with 
the aid of electronic instruments and photoemulsions. In the outer reaches of 
the atmosphere the ratio of neutral to charged particles N/C is determined a s  
the fraction of neutrons which have arisen as a result of the fragmentation of 
primary nuclei or  charge exchange of protons during nuclear interactions. 

A t  depths greater than 40 g/cm2, where primary nuclei are  able in large 
part to interact and dissociate into their composite particles, N/C is defined 
a s  the ratio of neutrons and protons 

Most of the neutrons come from nuclear fragmentation, since protons are  still 
unable to interact. 

A s  one gets deeper into the atmosphere, the fraction of neutral particles 
due to proton conversion (probability q ) increases. Simultaneously, pions 
and possibly kaons will show up in the charged component. 
depths 

Pn 
Thus, at great 

Therefore, the study of the ratio N/C gives information about the composition 
of the nuclear component of the cosmic radiation. 

If the interaction cross section and the probability q are  independent of /339 
Pn 

energy, the quantity N/C should not depend on energy at great depths. However, 
at those depths where pions are present, an energy dependence of N/C should be 
observed up to energies of 1 to 5 x loii eV, since the ratio is affected by pion 
decay at  the lower energies. 

Table 72 gives the results of the measurement of the ratio N/C at  different 
The method of determination depends on finding the presence of charge heights. 

on the particles that have evoked a nuclear interaction. 
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TABLE 72. RATIO OF THE NUMBER OF CHARGED 
AND NEUTRAL NUCLEAR-ACTIVE PARTICLES. 

Depth 

g/cm2 

5-50 
610 
670 
670 
700 
700 
710 
710 
780 
830 
800 
800 

1000 

- 

Energy, 
GeV 

~ - _ _  

103 
200-2000 

10 
3 

230- 1000 
80 

200-2300 
200-2000 
20-153 

63 
23-40 

27 

- 

0,083 50 .03  
0.74 50.08 
0.77 50.035 
0,iOkO. 14 
0.70 5 0.20 
0.57+0.10 
0.7750.12 
0.65 +O I 007 
0.56zO. 11  
0 . 6 9 5 0 . 1 3  
0.40+0.12 
0.66ZO. 1 I 
0 .63 + O ,  08 

The considerable scatter in the data is due principally to different methods 
If event selection. The presence of an air accompaniment of the registered 
,articles is of considerable significance. For example, in [467] cases in which 
:ir showers were incident on the apparatus were excluded. In [4101, high- 
lensity showers were excluded. In some of the papers, all events were re- 
:orded. If it is admitted that pions have a different air  accompaniment from 
tucleons, the ratio N/C can be distorted if cases with showers are  excluded. 

L. 2. Ratio of Protons and Neutrons at Different Depths and the Charge Exchange /3 . -  

Coefficient 7 

a. Relation between the ratio n/p and 7 .  Because of the difficulties in 
determining the nature of particles at  high energies there is a dearth of experi- 
mental data on the ratio of protons and neutrons at great depths in the atmosphere. 

An exception is [467], where protons and pions could be distinguished by 
means of a gaseous Cerenkov counter in the energy interval 20 - 40 GeV. In 
this interval the ratio n/p = 0.98 +- 0.18. The ratio n/p depends on the proba- 
bility of the inelastic conversion of a proton into a neutron 7 It is usually 

assumed that the reverse reaction n - p  has the same probability 
Pn’ 

If after collision a nucleon retains a fraction of energy /3, the ratio of the number 
of neutrons and protons can be described by the following expression: 

(12.13) 
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where 
tude of p o  can be determined from the composition of the primary radiation, 
which is known with sufficient accuracy to energies of lo3 GeV and p o  = 6.7.  

The balance of the energy of the sec- 
ondary components in the interaction of protons with heavy emulsion nuclei has 
been studied [158] (see Table 54). It was found that at a proton energy of 24 GeV 
the average fraction of the energy borne off by protons and neutrons was the same. 
Consequently, 77 N 0.5. A t  the same primary energy, interactions of protons with 
light nuclei ( Nh 5 3) were studied in [293], where conservation of the proton was 

found in 60% of the cases, i. e., q = 0.4 k 0.06. 

is equal to the ratio n/p in the primary radiation 0.15. The magni- 

b. Charge exchange coefficient. 

Table 73 gives the results of the determination of v in proton-nucleon 
collisions at 23 GeV [468]. The quantity v was analyzed as  a function of the 
total number of particles in stars (n). 

TABLE 73. CHARGE EXCHANGE COEFFICIENT 71 
AT 23 &V [4681. 

Average I 1 n>5 I Y P  (even n) I , m ( d d  n) 

In the vicinity of 100 GeV, 7 was determined by comparing the ratio n/p 
calculated from Eq. (12.13) and the measured value n/p = 0.98 f 0.18 at 20 - 40 
GeV; however, the authors assume that the observed nucleons originate from 
particles with an energy of - 100 GeV. By varying the parameters in the for- 
mula (L = 120 g/cm2, 

mum value of 77 is 0 . 2 .  The most probable value is q = 0. 3-0. +" 1. This depends 

on what the ratio of A to L is presumed to be. 

In [232] the surviving nucleon was analyzed at energies of loi2 eV. In 
doing this, the interaction length is used to calculate the number of secondary 
interactions of nucleons which should be observed for a given experimental 
geometry. The value of A was taken to be 36 cm. The expected number was 
found to be 20. 

A = 72 - 90 g/cm2), the authors concluded that the mini- 

/3 41 

Then, the 20 interactions having the greatest energy were selected from 
among the secondary interactions found in the experiment (the energy was mea- 
sured by the Castagnoli method). It was assumed that these interactions were 
produced by a surviving nucleon. In a similar manner, six tertiary baryons 
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were found. Of the 20 first-generation particles, 5 were neutral and 14 were 
charged. From this the authors obtained the probability 

1 

However, in this paper it had been previously assumed that an energetic- 
ally isolated nucleon always exists. A s  was shown in Chap. 8, if pions are 
present among the most energetic particles in heavy nuclei, the charge exchange 
coefficient 7 is underestimated. 

/342 

<gT-'> 

On the basis of the data in Chap .8, we can correct this value. Considering 
that about 2/3 of all interactions in emulsions occur at heavy nuclei and the prob- 
ability of emission of a pion in this case reaches 0.5,  we obtain 

0 .5  

0.3 

[q==:0.4 i 0.15. 

In a study of the interaction of 7r- -mesons with nucleons at Eo = 4.4 GeV/c, 
Malhotra found 17 = 0.45 2 0.07. In p-N collisions at 6.2 GeV, the value is 
0.51 f 0.05 [4691. 

0.3 
0.25 
0.37 

Thus, most of the data gives 17 = 0.4 - 0.5. 

c. Ratio n/p. Since there is so little experimental data on the ratio of 
protons and neutrons in the atmosphere, we have to find it from (12.13) by 

assuming some values for q , <f? 
such a calculation. 

> , and A. Table 74 gives the results of 

TABLE 74. THE RATIO n/p AT VARIOUS DEPTHS 
IN THE ATMOSPHERE, AS CALCULATED 

FROM EQ. 12.13. 

0.29 
0.27 
0.25 

for ?. = 8 5 g / c m z x  equals 
I 85 I 1701 253 I I I I I I I I  340 125 510 695 6Y0 765 850 935 I 

4.3. The Ratio of pions and Nucleons. . __ 

Table 75 gives the results of the measurement of the ratio 7r/p at different 
heights in the atmosphere and at different energies. 
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TABLE 75. RATIO OF THE INTENSITIES OF PIONS 
AND PROTONS. 

/343 - 

Height 
g/ 

I ch9D 

-- 
800 

-- - 

703 

Energy 
GeV 

2 
5 
10 
27 
80 

20-40 
~ -. 

! o e  1001 

_. 

700 1 I .8-22 
_- . .._ .I_ 

700 1 l s 2  
I. . -____ 

_i__ ~ .- 

z - 
P 

__ 

O . l i f 0 . 0 5  
0.30 j=0 .05 
' 0 . 6 0 ~ 0 . 1 0  
0,50*0.10 
0.39k0.17 

~ . -  

0.48k0.11 

0.50 k O,O8 

__ _. . 

0.06 kO.02 
- 

0.05 
__ -- 

Method of Refer- 
measurement I ence 

.~ 

Magnetic spectrometer 

1 

Gaseous Cerenkov 
counter 

Magnetic spectromaer [47'11 

Magnetic spectrometer 1 [ 471 I 
i 

~ - ~ -- - - 

Thus, the fraction of pions in the flux of the nuclear component increases 
with energy. It reaches 25 - 30% at Eo 2 lo1* GeV. 

5. THE MUON COMPONENT OF COSMIC RAYS 

5.1. Energy Losses by Muons 

Muons are formed in cosmic rays as the result of the decay of 7r -o r  
K-mesons in the upper atmosphere. Because of a weak interaction with material 
and a relatively long lifetime, the muon flux reaches sea level with practically 
no attenuation of its intensity and energy. 

The amount of energy lost by muons in a material is determined princi- 
pally by electromagnetic interactions and is contributed to by ionization and ex- 
citation of atoms in the material, pair formation, and retardation radiation. 
To these we should also add losses from nuclear interactions. Up to the present 
time, these have been determined the least accurately. The average value of the 
energy lost by muons in air is taken to be 

having an energy E 

T - o r  K-mesons with energy 

/344 

E > = 2.2 MeV (g/cm2)-1. A muon 
at sea level will be formed at depth xo from the decay of 

I-t 
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where 

The flux of muons with energy in the interval from E to E + dEP arising 

from the decay of 7r - o r  K-mesons at a depth x in the atmosphere was calculated 
by Zatsepin and Kuzmin [472]. Solving the kinetic equation for the passage of . 

muons in the atmosphere, they found 

P I.1 

where 

(12.14) 

m is the mass of the pion 

or  kaon giving birth to the muons; A is the mean free path for the interaction of 
nuclear-active particles; b is a coefficient taking into account the losses of muons 
in pair formation and radiative retardation; L(8) is the geometric path traversed 
by the muon from its point of origin to the point of observation; E (8 )  is the 
critical energy at which the probability of decay for the 7r - o r  K-meson becomes 
equal to the probability of a nuclear collision; d = 1 - L-1, where L is the mean 
free patch for absorption of nuclear-active particles; y- 1 is the exponent of the 
integral energy spectrum of the particles producing muons; x is the path length; 

and T are  the mass and lifetime of the muon; m 
IJ 0 n ,  K 

/34r - 
7, K 

(0) is the zenith angle for muons in the atmosphere; A is a normalizing factor. 

n , K  
and E ( 0 )  are  given in Table 76 for various Of Q, 9 Bn, K9 

values of y and 8. 
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TABLE 76. VALUES OF THE CONSTANTS NECESSARY 
FOR CALCULATING THE MUON FLUX. 

.- - - _ _  - - -- 

E-(fl).TeV 1.14 1.025 0.816 0.540 0.381 0.287 
Ei(B).TeV 8.41 7.58 6.25 3.99 2.62 2.12 

a 
1 

- 
0.193 0.116 
1.43 0.858 

.- . 
1 

1.5 1.22 

2.5 1.20 
2.0 1 1.21 

1 

I BK 

1.40 
1.33 
1.28 

- .. 
I 

0.706 
0.635 
0.575 I 0.419 

0.333 1 0.330 

By making use of the differential spectrum of muons in the atmosphere and 
the path-to-energy ratio, it is possible to calculate the angular distribcrtion of 
muons at different depths in the ground under the assumption that they arise from 
the decay of T- or  K-mesons [474]. A comparison of the results of the calcula- 
tion with the experimental angular distribuiion should also throw light on the 
mechanism of muon production and give the magnitude of the ratio between the 
numbers of T -  and K-mesons. 

/346 

The obtained dependence of the exponent of the angular distribution (approxi- 
mated by a cosine function) on depth in the ground agrees with the assumption that 
the fraction of K-mesons with respect to n - mesons is about 20 %. 

The ratio of K-mesons to 7r - mesons was investigated by Asatiani et  al. [475] 
from the polarization of cosmic muons. The experimental data on the fraction of 
K-mesons at different energies of cosmic particles are given in Table 35, from 
which it is seen that muons come from K-mesons in 10 - 40% of the cases. 
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- 
The magnitude of the ratio 1.1 +/p for a vertical flux of muons at  different 

energies is of interest for the analysis of the passage of cosmic radiation through 
the atmosphere. These data are  presented in Fig. 79. A t  energies < 50 GeV, 
the ratio p+/p- - 1.25 and increases somewhat with increasing energy. 
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Figure 79. The Ratio p + / p -  for a Vertical Muon Flux 
at Different Energies [411]. 

5.2. Energy Sp ectrum of Muons 

The most reliable information on the energy spectra of muons was obtained 
with a magnetic spectrometer in [476-4781. Figure 80 shows the muon spectrum 
from [479]. 

To obtain data on the spectrum of muons in the region of energies greater 
than lo3  GeV, use is made, usually, of indirect methods based on the measure- 
ment of the absorption curve of muons in the ground or of the spectra of pulses 
from muons. Both methods require accurate information about the effective 
cross sections of the elementary interaction processes of muons (electromagnetic 
and nuclear). Usually the average energy loss of the muons is represented in the 
form 

E: MeV2 a ( & )  = 1.888 -1- 0,0768 In - -- 
n ' ~  g/cm 

(12.15) 

where E; = €:(E, - k f l ~ ~ / 2 ~ ~ , ) - '  is the maximum energy transferred to an electron 
in a p-e collision. 

excitation of atoms in the medium. Retardation radiation (b (E )), pair 

The term a(E ) accounts for losses due to ionization and 
P 

RCL 
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L l l l l l l l l  I I I I I I I I I  , I I I l l l U  

70 lo2 GeV/c 

Figure 80. Differential Energy Spec- 
trum of Muons. 

formation (b (E )), and nuclear losses (b (E )) are  combined in the second 
term : 

pI-1 N I - 1  

b ) = bR(E:,) -b bp (E:L ) b,(E:J ) * (12.16) 

Much attention has been given to the calculation of these coefficients [441, 480- 
4851. Kobayakawa [486] used the latest information on the various constants en- 
tering in these expressions and also made a detailed analysis of the data on the 
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0.01 
0.02 
0.03 
0.05 
0.07 
0.10 
0.15 

1 

0.257 
0.263 
0.267 
0.270 
0.273 
0.275 
0.278 

nuclear energy losses. He obtained the following relations for a standard earth 
having Z = 11, A = 22, Z/A = 0.50, and Z2/A = 5.5: 

- /349 

,g-' cni2 for E>< 
b.R ( E p ) =  < 2.46 TeV 

11.759. g-'Jcm2 for Ep >, 2.46 TeV 

I 

(12.17) 

(12.18) 

for E,  >, 2515 GeV 

The values of the coefficient b (E ) calculated for various muon energies 
N f i  

a re  given in Table 77. Figure 81 shows the dependence of the average muon 
energy loss <a/& > on muon energy E (for earth with < Z > = 13). 

P, 

TABLE 77. VALUES OF THE COEFFICIENT bN 

FOR VARIOUS MUON ENERGIES. 

0.20 
0.30 
0.40 
0.5 
0.7  
1 .O  
- 

There are two kinds of loss in the ground: continuous losses, occurring in small 
batches, and fluctuating losses, in which large amounts of energy can be trans- 
ferred from the muon to an electron. Because of this the relations obtained for 
the energy losses are valid only on the average, and in the transition from the 
absorption curve to the energy spectrum (using the path-energy relation), it is 
necessary to take fluctuations into account. The problem of fluctuations of the 
energy losses has been treated in many papers [487-489, 482, 4861. The accu- 
rate solution of this problem requires examination of the kinetic equations for the 

- /350 
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Figure 81. Energy Losses of Muons as 
a Function of Energy: 
1 - Ionization and Excitation of Atoms; 
2 - Retardation Radiation; 3 - Pair 
Formation; 4 - Photo-nuclear Losses; 
5 - Total Losses. 

passage of muons in the ground. However, the fluctuations can be taken into 
account by introducing a correction factor x that depends on the observation 
depth and on the exponent of the energy spectrum of muons at sea level. 

If the differential energy spectrum of muons at  sea level is 

and the intensity of muons at depth x below sea level is Io(x) (assuming that the 

energy losses do not fluctuate), then the intensity of muons with allowance f o r  
the fluctuations will be I(x) = I (x) x -I. 

given in Table 78. 

/35 1 
Values of the correction factor a re  0 

In determining the integral energy spectrum of muons from their intensity 
underground, it is necessary to know the direction of arrival of the muons o r  
the function for their angular distribution at a given depth. 

The integral energy spectrum of muons obtained from the study of the 
absorption curve for muons underground is given in Fig. 78. The greatest depth 
in the investigations was 6380 m (water equivalent). It was attained in the work 
of the Bombay group [485, 4903. 

The study of the spectra of pulses made by muons in dense substances and 
registered by ionization chambers or  scintillators has been carried out in many 
papers [491-4941. 

283 



TABLE 78. VALUES OF THF: CORRECTION FACTOR x 
AT DIFFERENT DEPTHS. 

0.33 
0.47 
0.60 
0.69 
0.73 
0.692 

0.16 
0.29 
0.41 
0.55 
0.55 
0.533 

0.17 
0.27 
0.38 
0.343 

. .  ~~ 

0.09 
0.21'7 . .  

2 

4 

6 

8 

10 

12 

x=2.5 

I_ - 

0.83 
0.88 
0.93 
0.93 
0.957 

0.62 
0.74 
0.80 
0.87 
0.95 
0.867 

0.43 
0.59 
0.07 
0.79 
0.86 
0.550 

~ 

~~ 

0.46 
0.55 
0.59 
0.624 

0.33 
0.493 

0.357 

~ 

z=3 

0.73 
0.80 
0.88 
0.88 
0.920 

0.46 
0.63 
0.69 
0.78 
0.84 
0.783 

0.27 
0.42 
0.51 
0.66 
0.68 
0.621 

0.28 
0.37 
0.51 
0.471 

.. . 

0.17 
0.335 

0.2O6 

- .  

r = 3 . 5  
- 

0.63 
0.71 
0.82 
0.83 
0.879 

"Results obtained for Values of the Coefficients b in 
(12.15) and (12.16): bR = 1.05, bN = 0.5 .  

b b  = 1 . 8 , b  = 1 . 7 .  
R N 
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CHAPTER 13 

THE NUCLEAR CASCADE PROCESS IN THE ATMOSPHERE 

1. INTRODUCTION 

The conservation of a primary primary particle of high energy after colli- - /s 52 
sion considered in Chap. 6 creates the possibility of originating a nuclear cascade 
process in a medium. This process consists of successive collisions of the con- 
served nucleon with nuclei, which leads to the development of a cascade of inter- 
actions of secondary charged pions and an electron-photon cascade. The hypoth- 
esis of the existence of a nuclear cascade process in the atmosphere was first 
expressed by Zatsepin [495J. 
also in dense media by means of a multiplate Wilson chamber and an ionization 
calorimeter (see examples of nuclear-cascade curves in Fig. 42). Knowing the 
characteristics of an elementary act, as well as  the composition and energy spec- 
trum of the primary cosmic radiation, it is possible to calculate the various 
parameters in the lower atmosphere by solving the equations describing the 
nuclear cascade process. Such calculations, made first by Rozental: were sub- 
sequently carried out by many others [496-5001, and many models for the elemen- 
tary act were employed. A l l  were done with certain simplifications that permitted 
solution of the kinetic equations. The purpose of these calculations was to check 
the correctness of our ideas about the elementary act at high energies and the pos- 
sibility of reconciling them with the integral parameters of the components of the 
cosmic radiation existing in the atmosphere. 

a re  not considered. A t  the present time, a considerable number of calculations 
of the nuclear cascade process in the atmosphere have been completed. 

Later a nuclear cascade process was observed 

Thus, in this case the statistical 
approach to  cosmic ray phenomena is employed, and individual interaction a d s  /353 

We shall examine only some of these which have been accomplished in recent 
years and which have been called upon to explain phenomena in the region of ener- 
gies lo2 - lo4 GeV. The fundamental properties of interactions in this energy re- 
gion are the invariance of the inelastic interaction cross section, the difference 
between the interaction cross sections of pions and nucleons, the conservation of 
a pion or  nucleon after collision, the invariance of the inelasticity, the gradual 
increase of multiplicity with energy, and a number of others. 
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The considerable uncertainty in the interpretation of processes occurring 
in the atmosphere and the freedom of maneuvering with various models are 
related to the uncertainty in the primary spectrum. In turn, the latter is due 
to the absence of methods for the measurement of the energy of primary part- 
icles in the energy interval lo2 - l o 4  GeV which are  suitable for use at the edge 
of the atmosphere. Recently, it has been proposed to measure the spectrum of 
the primary radiation with a calorimeter carried aboard a satellite [397]. How- 
ever, this idea has not yet been realized. The measurements made in the 
YProtonff series of satellites have still not provided conclusive results, since 
the apparatus of the calorimetric type on these satellites contains too little 
material (less than 2.5 A ). Such an instrument is not suitable for measure- 

ments of absolute intensity; moreover, the dependence of the fraction of energy 
registered by it on the energy of the primary particle can lead to distortion of 
the spectrum. 

P 

The latest results obtained with the "Proton" satellites show that the 
proton spectrum apparently becomes steeper at an energy greater than 1000 
GeV, whereas the spectrum of all primary particles changes more slowly up 
to energies that are  100 times greater. 

Among the secondary particles, pions play the principal role. The con- 
tribution of kaons is much less. 
the nuclear cascade process one frequently considers only two types of secon- 
dary particles: nucleons and pions. In doing this it is assumed that pions do 
not generate nucleons of high energy. 

Therefore, in the solution of the equations for 

2 .  THE EQUATIONS OF THE NUCLEAR CASCADE PROCESS 

2.1. Formulation of the Problem 

The development of a nuclear cascade process in the atmosphere is de- 
scribed by the following equations : 

m 

4- N ( x ,  E') np (E', E )  dE'; 
p E  (13. la) 

/354 

C 
Ex + 15; (x, E')  nz (E' ,  E )  dE' - - z (x, E).  

E 

(13. lb) 
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Here  N(x, E) is the intensity of nucleons at depth x; 'IT (x, E) is the same for pions; 
C = 1.8 x loii  eV; A and A are  the interaction lengths of nucleons and pions; P 'IT 
np (E', E) is the spectrum of secondary nucleons; nl(E', E) is the spectrum of 

generation of pions by nucleons; n2(E', E) is the spectrum of generation of pions 

by pions. 

Thus, this system of equations functions and parameters of two types: 
1. The parameters of an elementary act: np(E',  E ) ,  k p ,  A,, nl(E',  E ) d € ,  

n2 (E', E )  dE. 
2. Parameters of the radiation in the atmosphere N(x, E), 'IT (x, E) ; to 

these we should add another series of quantities expressed in terms of those 
enumerated above and certain constants, viz. : M(x, E), the intensity of muons; 
l7 (x, E), the intensity of photons. 

Thus, even in such a simplified treatment, where, for example, kaons a re  
not taken into account, the number of quantities measurable at one level is less 
than the number of important parameters of the elementary act. These latter 
admit of a certain arbitrariness, particularly with respect to r z I , ( € ' ,  Q d E ,  
nl (E' ,  E )  d E  and n2 (€', E )  d E .  . 

2.2. Solution of the Equation Describing the Nucleon Component /355 

In Chap. 8 it was shown that the inelasticity is independent of the energy of 
the primary particle, i. e. , the fraction of energy retained by a nucleon after 
interaction is constant. This is possible i f  the function n (E', E)dE is homo- 
geneous P 

(13.2) 

Then, assuming an exponential primary spectrum, we have 

N ( x ,  E )  d E  = N (0, E )  dEe-"ILP, (13.3) 

where N(0, E) is the spectrum of nucleons at the top of the atmosphere, and 

4 Lp = 
I -,<pT-'> 

(13.4) 

Thus, in this case the spectrum at the bottom of the atmosphere is the same as  
the primary spectrum, and the intensity of nucleons diminishes according to an 
exponential law. If the primary spectrum is not purely exponential, e. g. , y in- 
crease with energy, then L will also vary with energy. This makes the spectrum P 

287 



a t  the bottom of the atmosphere become steeper than the primary one in the same 
energy interval. In particular, if the primary spectrum undergoes a break at a 
certain energy E then the break point will change with depth according to the 

law specified by Eq. (12.3). As a result of collision the nucleon may change its 
charge. Then the proton and nucleon fluxes at the bottom of the atmosphere may 
be represented in the following form [438] : 

C' 

Here 6 is the excess of protons at the top of the atmosphere 0 

(13.5) 

(13.6) 

/356 

77 is the charge exchange coefficient (see Chap. 12, Sec. 4). The ratio N /N 
P n  

is defined by Eq. (12.13). Since in the primary radiation nuclei are present, 
the intensity of nucleons near the top of the atmosphere will not vary exponen- 
tially, since nuclei , by disintegrating into nucleons during collision, will partially 
compensate their loss. With this taken into account, the equation describing the 
change in intensity of nucleons takes the form 

d N ( E , x ) d E =  -ddxN(E ,x )d€+ 

X dE'Wi (€', E )  dE + dxni' (E', x) dE'np (E', E )  dE.  

i E  

(1 3.7) 
E 

(13.7) 

Here Et  is the energy per nucleon; Bi(Ef, x)&' is the spectrum of nuclei at depth 
x; 

Bi (E', x j dE' = B, (E' ,  0) dE'e"''-i; 

Li is the absorption length of nuclei of the i-th kind, Wi(Et, E) is the probability 

of formation from a nucleus of the i-th kind of a nucleon with energy E. In the 
interaction of a primary nucleus of mass number A with nuclei in the atmosphere 
there is formed on the average about A/2 
ing portion of the nucleus goes into fragments). It follows from the properties 
of the interaction of nuclei that about half of the secondary nucleons have the same 
energy per nucleon as in the primary nucleus, and the remainder are distributed 
over the same spectrum as  in the nucleon-nucleus collision. Consequently, 

2 secondary nucleons (the remain- 
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W, (E', E )  dE = Zinp (E', E )  dE + 
+ Z,8 (E  - E') dE. (13.8) 

Then 

(13.9) 

where I,. is expressed in lengths of the nuclear interaction of nucleons. Substi- 

tuting into this formula the numerical values of B d ( E ,  O ) / N ( E ,  0), Li, L,, I.,,  i.i, 
<p.*l> (see Chaps. 4 and 12), we find 

/357 
1 

Or 

-x /L  --x:L, ] N ( E ,  x )  ;=: N ( E ,  0) ( I  ,413 P- 0.4e 

0.qe-x/55 1, (13.10) I V ( € , X ) = K ( E , O )  [ 1 , 4 e - ~ " " -  

where x is in g/cm2. 

In obtaining the preceding relations, the fact that helium nuclei play the 
principal role has been taken into account. 

2.3. Solution of the Equation for Pions 

If the solution of the second equation of (13.1) is represented in the form 
of a series z(x, E )  =S;r , ( x ,E ) ,  then by requiring that all 7ri vanish at  x = 0 (the 
boundary condition 7r ( 0, E), we obtain a system of recurrence equations 

m 

s ~ i - ~  ( x ,  E,,) n, (E' ,  E )  dE'. =j E 

(13.11) 

Here 7r (x, E) is the dependence on depth of the intensity of pions of the i-th 
generation. If the function nl(E', E)dE is known, these equations can be solved, 
numerically at least. Thus, to make further progress it is necessary to choose 
a specific form of the differential spectrum of pions created in the collision of 
nucleons and pions with nuclei. 



In its more general form, Eq. (13.11) can be solved if the spectra of gen- 
eration of pions in an act is represented in the form of homogeneous functions 

n, (E', E)  d E  = nlfl  (5) $ ='n,f(t1) du. (13.12) 

It follows from the results of Chap. 6 that the spectrum of generation of pions L3 5; 
varies as a function of the energy of the primary particle. However, because of 
the steep drop of the intensity of cosmic radiation with increasing energy, the 
highest energy pions play the principal role in the formation of the secondary 
components. There are a number of mechanisms which predict the emergence 
of pions with an energy proportional to the energy of the primary particle. Mathe- 
matically, this means that the function nl(E1, E) can be expressed in the form 

(13.12). Among these mechanisms, the most frequently considered is the isobar 
model, which assumes that in each act of collision the surviving baryon is emitted 
in an excited state and thereafter decays into pions and nucleons. The first to 
point to the possibility of the existence of this model was Zatsepin [l l] .  The 
hyperon model of Peters [168] has similar properties. The difference between 
these models is mainly in the specific features of the existing hyperons and isobars. 
The isobar model was examined by Baradzey e t  al. [499]. 

Hydrodynamic theory also predicts the existence of secondary particles with 
energy proportional to the primary energy and the homogeneity of the high-energy 
part of the pion energy spectrum. Thus, in all these cases a solution of Eq. (13.1) 
can be accomplished by identical methods regardless of model. 

2.4. The Special Case of a Homogeneous Function nl(E1, E) 

Assuming the function nl(E1, E) to be homogeneous, we find 

_ _  

In this case the solution to (13.11) can be written 

(13.13) 

This integral can be determined by numerical methods [500]. However, assum- 
ing that L - AT and consequently A /A 

/359 - , we have, approximately, - 
P T  
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x -  - 
C 
E 

lT1 ( x ,  E )  = N ( x ,  E )  < nlu'-l > 

= N (0, E )  e-"lLp< n,u'-' > 
- - f l  

(13.14) x 

-+ 1 E 

Comparing this expression with Eq. (13.3) describing the nucleon component, we 
see that to obtain a new characteristic of cosmic radiation - the pion spectrum - 
we need a new parameter <nlu > , determined from the spectrum of the gen- 

eration of pions by nucleons. Equation (13.14) contains only the product of three 
fundamental parameters: the absolute intensity at the top of the atmosphere, an 
exponential factor which describes the absorption of nucleons, and the quantity 
< nlu Y-I>. By choosing the three cofactors such that their product remains 
constant we can get identical solutions for completely different models. The 
least arbitrariness is permitted in L 

110 - 120 g/cm2. Hence, the principal uncertainty arises because of the absence 

of good data on N(0 ,  E) and <nluY-I>. Thus, for example, Grigorov [5001 

chose a very large value for <nlu 
of the primary radiation. 

A l l  data sets L within the limits 
P' P 

% 0.11  - 0.13 and a very low intensity 

Baradzey [499] found < nlu > to be about twice as  small and the primary 

intensity was taken to be twice as large as  in Grigorov's work [500]. Hence in 

both papers the product N(0 ,  E) <nlu Y- I>  turned out to be about the same, and 
this made it possible to describe satisfactorily the behavior of nucleons and pions 
in the atmosphere from two completely different conceptions about the elementary 
act of collision. 

Grigorov [500] showed that the accepted value <nlu ?'-I> = 0.11 - 0.12 is /3 60 

too large if  all pions arise as a result of pionization. Using the pion spectrum 

obtained by Guseva et al. [143], one can determine the magnitude of < nlu ?'-I > 
due to pionization: <nluY-i >= 0.027, The isobar model, too, cannot provide 
the necessary value, if the isobar which arises is not too heavy. Thus, for ex- 
ample, the isobar (3/2, 3/2) with mass 1236 MeV adds only 0.032 to <nlu 'F1 >. 

The same magnitude is obtained if a hyperon is formed each time instead of 
an isobar. 
half of the required magnitude < nlu Y-I > . 
that the existence of a more effective process for the generation of pions is 

Thus, both of these mechanisms of the interaction can explain only 
Grigorov [500] concluded from this 
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necessary. A s  such a mechanism, he postulated a completely elastic interaction 
of a nucleon with a light nucleus with the formation of two fast excited clouds 
flying in opposite directions with very high Lorentz factors in the C system 
y 2 2 . 5  . It is sufficient to allow the existence of 30 - 40% of such events in 

order to obtain a large value of <nlu > . 
However, the data considered in the preceding chapters show that the pri- 

mary intensity is evidently greater than that taken by Grigorov [500], and < n uy'I> 

is considerably less. In particular, the value of 0.08 found in [499] is close to 
that given by direct measurement (see Chap. 6). 

1 

To explain such a value for <nlu > it is completely sufficient to postu- 

late the emergence of a light isobar and pionization. This example shows that the 
same experimental data on the integral characteristics of radiation in the atmos- 
phere can be used in support of completeIy different mechanisms for the elemen- 
tary act. 

2.5. Photons and Muons in the Atmosphere 

If all photons arise as the result of the decay of T O-mesons, then the study 
of the spectrum and intensity of photons in the atmosphere does not give any new 
information whatever about the elementary act. The number of photons produced 
by nucleons at a depth x with energy E, E + dE per gram of substance, is 

/361 

(13.15) 

Near the top of the atmosphere, primary nuclei contribute significantly to the for- 
mation of photons. Substituting the sum N(E, x) + B(E, x) into Eq. (13.15) and 
considering that for nuclei we should use Z <nluY-I > instead of <nlu y-i > , we 

obtain 

Thus, a choice of N(0, E), L , and <nlu?'-i> uniquely determine the intensity 

not only of charged pions, but also of photons. The intensity of muons is deter- 
mined by the decay of T-mesons in the interval of depths from the top of the 
atmosphere to the level of observation of the muons xo is 

P 
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Cdx 
EX 5i (x,,, E )  dE = dE 

0 

(13.16) 

To go from this to the muon spectrum, we need to replace E by 1.3El.c , where 
Ep is the muon energy: 

(13.17) 

The contribution of primary nuclei to the formation of muons can be as  high as 
25%. Consequently, the muon spectrum is uniquely determined by the product 
of the same quantities as the spectra of photons and pions. Hence it makes no 
difference at all whether one determines this product from the spectrum of pho- 
tons or  muons or  from the intensity of pions. 

3. THE ROLE OF PIONS IN THE ATMOSPHERE 

3.1 .  Calculation of Successive Generations of Pions in the Atmosphere 

Up until now we have considered only nucleons and the first generation of 
pions. However, as  a matter of fact, it is necessary to take into account the 
contribution of succeeding generations as well. For this, we solve equations 
(13. ll), substituting into them 7r (x, E) and a new function nZ(E', E)dE. 
to refine the calculation we must introduce a new parameter, which is chosen 
from experiment or  from some theory of the interaction of pions with nuclei. 

Thus, 

Different authors have approached this problem differently. For example , 
in the work of Grigorov that we have discussed [500], it was assumed that pions 
generate secondary particles only as a result of pionization. Then pions do not 
create secondary pions of high energy, and therefore the second and later gen- 
erations of pions give practically no contribution to the integral characteristics 
of the cosmic radiation in the atmosphere. 
ponent in the atmosphere proceeds directly from nucleons. Pal and Peters [438] 
carried out calculations on the basis of the isobar model and considered two 
limiting cases , when the pions are  completely regenerated after collision (elas- 
tic interaction) or  completely absorbed. The latter case, obviously, is close to 
that considered in [499] and [500] .  

In this case, the entire pion com- 

/3 62 

The analysis of data on the interaction of pions with nuclei has led us to 
conclude that there is a significant probability for the regeneration of pions in 
an act (see Chaps. 6 and 8). The surviving pion carries a significant fraction 
of the primary energy. Data obtained in accelerators, as well as  with ionization 
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calorimeters, at 400 GeV show that marked fluctuations in the transfer of energy 
to 'lr O-mesons apparently exist, which we attributed earlier to the peripheral 
character of the interaction of pions and with their charge conversion during 
interaction. In this case fluctuations arise on account of the formation of a small 
number of secondary pions of high energy. 

Utilizing these ideas and considering that the principal role in the develop- 
ment of processes in the atmosphere is played by particles of the highest energy, 
we may assume that charged secondary pions arise whenever the primary pion is 
conserved, and neutral ones arise when the primary undergoes charge conver- 
sion: n* - T O. Let the probability for this be q. We shall take the spectrum of 
secondary pions of high energy to be a 6 -function, which makes it possible to 
obtain the analytic solution 

/363 
-. 

Here <nz > is the average multiplicity of secondary pions of high energy; <a> is 
the average fraction of the energy carried by these pions. A t  accelerator ener- 
gies, <nz > rv 1. It will also be easy to consider <nz > # 1, in order to see how 
sensitive the results a re  to this parameter. 

Then using (13. l l ) ,  we obtain 

<a-,.;-l x 

< n, >7-2 LP 
x ~2 ( x ,  E )  = N ( x ,  E )  q .- 

(13.19) 

Similarly, we can find also the successive generations of pions, which a re  impor- 
tant at great depths. They need also to be taken into account in determining the 
spectrum of generation of photons 

I -x lL  N ( E ,  O)e p (E,  X )  dE = dE<n,u;-'> 1' -f 
YAP 

or 

(13.20) 

(13.21) 
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The contribution of successive generations to the muon intensity is small. 
stituting the numerical values 

Sub- 

we can determine the intensity of the various components of the cosmic radiation. 

/3 64 Some of the results of the calculations with <n2 > = 1, < a >  = 0.7, and 
q = 1/2 are shown in Fig. 82 together with other data. 

- 

Figure 82. 
parison of Calculations with Experiment: 
1 - [411]; 2 - Calculation, see p. 294 ; 3 - 
[440b]; 4 - [412]; @ - Experiment at Sea 
Level; by - Measurements on Moun- 
tains, Reduced to Sea Level (see Table 75). 

The Pion-Nucleon Ratio; Com- 

3.2 .  The Nuclear Component at Very High Energies 

The various components of the cosmic radiation are described particularly 
simply in case pion decay can be neglected, i. e. , when E >> C ( M 180 GeV). 
Then the intensity of nuclear-active particles can be written in the following 
form: 

"*(E, X) d E  = N ( E ,  X )  dE + x ( E ,  X) d E  = 

(13.22) 

pz = 0.126 for <n,> = 2; 
p%= 0.20 for <n,>= 1. 
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Using this formula for calculation, and comparing the results for difference x 
with 

120 
119 
120 
121 
119 

",(E, X )  = A/,(€, 01 e--x'Ldv, (13.23) 

we can determine h, the absorption length of the nuclear component, for various 

depth intervals. The results a re  given in Table 79. 
/36r - ~~ 

-- - 

119 
122 
124 
I32 
125 

TABLE 79. ABSORPTION LENGTH OF 
NUCLEAR-ACTIVE PARTICLES. 

2 Depth interval, g/cm 

0-200 
0-700 
0-1000 

700-1000 
200-1000 

Absorption length of nucleons 

The difference in the absorption of nucleons and nuclear-active particles 
is due to the effect of pions, which are absorbed considerably more slowly than 
nucleons. 

Since to a marked extent photons are generated by pions in the bottom of the 
calculated from the photon intensity should atmosphere, the absorption length L 

differ from the absorption length of the nuclear component 
Y 

(13.24) 

for <n2 > = 1, 1/(p - P )  = L = 150 g/cm2, and for cn2 > = 2, L 
Y Y 

The first of these results agrees better with the data of Smorodin et al. [501], who 
used pulse instruments to measure photon cascades and found 

= 130 g/cm2. 

L, = (146f 10) g/cm2 

for the depth interval 200 - 1000 g/cmz at  photon energies of about lo3 GeV. The 
same value of L is obtained in the interval 200 - 300 g/cmz, within experimental 
error. Y 
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4. CALCULATION OF THE CHANGE OF SLOPE 
OF. THE PRIMARY SPECTRUM 

Again we emphasize that recently there has appeared an indication of a 
two-fold change in slope of the energy spectrum of primary particles in the high 
energy region. Some data on the influence of this change on the various com- 
ponents of the cosmic radiation at the bottom of the atmosphere were already 
presented in Chap. 12. 

Pal and Tandon [454] calculated the spectra of photons and muons at various 
depths in the atmosphere, assuming a change in the primary spectrum at a cer- 
tain energy E which entered into the calculation as  a definite parameter. The 

calculation was based on the isobar model considered earlier by Pal and Peters. 
The primary spectrum was represented as the sum of spectra with different ex- 
ponents, and two breaks in the spectrum were taken into account. The portion 
of the spectrum with a break at high energies was approximated by the expres- 
sion 

C' 

j =  1 

and the portion with the break at  low energies by 

(13.25) 

(13.26) 

/3 66 - 

With the proper choice of the coefficients c 

change in the primary spectrum by means of a smooth function. 

it is possible to approximate any 
j' 

In choosing the form of the primary spectrum the atuhors supposed that it 
consists of two components A and B, with the component B having the same slope 
as  A (the authors took the value of the exponent of the differential spectrum for 
components A and B to be y o  = 2.67 and consisting only of protons. The com- 
ponent A consists of protons and nuclei and has an intensity 15 - 20 times that of 
B. The component A undergoes a break at a certain energy E 

C' 

The results of the calculation agree with experiment if it is assumed that - 2 x lo5 GeV (see Fig. 78). According to data on broad atmospheric 
E C  
showers [403, 4161, a change in the exponent of the primary spectrum takes 
place in the region of energies E > l o 6  GeV. However, if for any reason nuclei 
predominate in this energy region, then the break at E > lo6 GeV corresponds 
to a break in the spectrum of energies per nucleon of the order of 3 x l o5  GeV, 
which is close to the value Ec obtained above. McCusker et al. [138] actually 

observed a predominance of multistemmed broad atmospheric showers in this 

/367 - 
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energy region, which is interpreted by them a s  the result of the enrichment of 
the primary radiation with nuclei. A s  we have already mentioned, the results 
of measurements with the "Proton" satellites seem to indicate an increase in 
the fraction of nuclei at energies as  low as l o3  GeV. 

5. CONCLUSION 

A consideration of the process of passage of cosmic radiation through the 
atmosphere shows that the intensity and spectra of the various components de- 
pend principally on the product of the intensity of the primary radiation and 

<niu Yi >. Refinement of the solutions of the kinetic equations leads to the 
appearance of new parameters. A proper choice of the quantities entering in 
the solution can produce agreement between calculation and experiment €or 
various interpretations of the interaction mechanism. In order to be able to 
make a choice among these different models on the basis of the methods set 
forth in this chapter, it is necessary to refine substantially our knowledge about 
the spectrum and composition of the primary cosmic radiation in the high energy 
region and about the intensity of the various components at the bottom of the at- 
mosphere. 
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APPENDIX /3 68 - 

1. Some Physical Constants 
Velocity of light in vacuum 
Electron charge 
Planck's constant 

Boltzmann constant 
Avogadro's number 

c = 2.997925' l o 8  m/sec 
e = 1.60210- c 
h = 6.62560 J sec 

h = - = 1.05450- 

k = 1.38054. J/deg 

h 
2n J. sec 

NA = 6.02252. (kg. mol)" 

r =- l2 = 2.8176- m 
m c2 e 

e Classical radius of the electron 

A =- Compton wavelength of the electron = 2.4265- m 
e m c 2  e 

= 1/137,027 e2 
A C  

a = -  Fine structure constant 

Number of molecules per cm3 
at standard conditions L = 2.687- lo i9  ~ m - ~ .  

2. Units of Measurement 
1 eV = 1,60210- J = 1.60210- e rg  

1 MeV = l o 6  eV 
1 GeV= 109 eV 
1 TeV = 10i2eV 

3. Particle Masses 
E le c t ron 

Proton 

Pions 

m = 0.511 MeV = 9.109- kg 
m = 1836m = 0.939 GeV = 1.672. 10'27kg 

e 
P e 

/369 m r*  = 273.2me = 139.63 MeV - 
264.2me = 135.0 MeV mno = 
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I I I I I I I  I l l 1  

Muons 

Kaons 

4. Lifetimes 
Pions 

Muons 

Kaons 

m = 206. 76me = 105.655 MeV 
Itt 966. 6me = 439.9 MeV 

%* = 

5. Relation between Height above Sea Level, Pressure of the A i r  Column, and 
Density 

~ 

Height above 
sea level, 

km 

0 
0.5 
1 .o 
1.5 
2 .o 
2.25 
2.50 
2.75 
300 

3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 

Pressure, 
g/cm2 

1030 
969 
914 
860 
808 
783 
759 
7 s  
712 
690 
668 
64 6 
626 
606 
586 
567 
549 

Air density 
x 103 g/cm3 

1.225 
1.167 
1.112 
1,058 
1.006 
0.981 
0.957 
0,933 
0.909 
0.886 
0.863 
0.841 
0.819 
0.798 
0.777 
0.756 
0.736 

Height above 
sea level, 

km 
~ ~~ 

5.50 
6.0 
7.0 
8.0 
9.0 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Pressure, 
g/cm2 

513 
478 
4 I7 
362 
312 
268 
230 
196 
168 
1-13 
122 
104 
89 
76 
65 
55.5 

A i r  density, 
x 103 g/cm3 

0,697 
0.660 
0,590 
0.525 
0.466 
0.413 
0.361 
0.311 
0.265 
0.227 
0.194 
0.165 
0.141 
0.121 
0.103 
0.088 
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6. Values of &Units and Critical Energies E for Various Elements and Complex /370 
Substances [ 5031 : 

a) Elements 

Element 

H 
He 
Li 
Be 
B 
C 
N 
0 
F 
Na 
A I  
si 
AT 
Ca 
Fe 
CU 
Br 
Ag 
Xe 
W 
Pb 

Z 

1 
2 
3 
4 
5 
6 
7 
8 
9 

I 1  
13 
14 
18 
20 
26 
29 
35 
47 
54 
74 
32 

A (rounded) 

I 
4 
7 
9 

11 
12 
14 
16 
19 
23 
27 
28 
40 
40 
56 

63.5 
80 

108 
131 
181 
207 

b) Complex Substances 

- 

Density at. 
standard 

conditions, 
g/cm3 

0.0899. IO-' 
0.1785. lo-' 
0.534 
1.84 
2.33 
2.22 (Graphite) 

1.429.10--5 

0.97 
2.7 
2.35 
1.783. 
1.54 
7.6-7.88 
8.89 
I .  139. IO--' 
10.5 
5.85. 
19.3 
1 I .34 

I .25.10--3 

I .69.10-3 

Sub stance 

A i r  
Water 
Lithium hydride (LiH) 
Polystyrene (C,FI,) 
C lav 

Quartz (SiOJ 
Limestone (CaCO,) 
Salt CNaCl) 
Nuclear emulsion 

(AI,SiO, .2Si02 x 2H,O) 

NIKFI-R 

Density , 
g/cm3 

- .  

1.29. IO-' 
1 .o 
0.6 
- 

1.3-2.5 

2.65 
"93 
2.16 
3.9 

62.8 
93. I 
83.3 
65.0 
53.6 
43.3 
38.6 
34.6 
33.4 
28.2 
24.3 
22.2 
19.7 
16.3 
13.9 
13.0 
11.5 
9.0 
8 . 5  
6 . 8  
6.4 

37.1 
36.4 
80 
44.4 
28.8 

27.4 
24.2 
22.2 
11.4 

__. 

Without 
density 
effect 

350 
250 
I80 
141 
115 
97 
85 
75 

67.5 
55.5 

47 
44 
34 

30.4 
23.3 
20.9 
17.2 
12.7 
11.0 
8.3 
7.5 

- -_ 

e ,  
Without 
density 
effect 

81 
90 

207 
I10 
60,9 

56.2 
51.2 
42.1 
17.8 

, - 

deV 
With 

density 
effect 

- 
- 
138 
110 
91 
77 - 
- 

46.5 
40 

37.5 

26.7 
20.7 
18.8 
15.7 
11.9 

8.1 
7.4 

- 

- 

fie V 
With 

density 
effect ~- 

- 
73 

I57 
88 
50.6 

47.3 
43.4 
35.2 
16.4 
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